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ABSTRACT 
 Golden Eagles (Aquila chrysaetos) have a broad range globally and in general are well-
studied. However, Arizona’s Golden Eagle population remained essentially unstudied until 2011, 
when Arizona Game and Fish Department (AZGFD) began nest surveys for cliff nesting Golden 
Eagles throughout the state. As a result of this data collection, the natural history of Arizona’s 
Golden Eagles is finally revealing itself. This dissertation outlined a reliable description of their 
nesting phenology that provides a framework for timing surveys and a baseline to monitor the 
effects of climate change on Golden Eagles. The mean date for egg-laying was February 14 and 
pairs nesting in the high desert initiate nesting about ten days later than their southern 
counterparts. A brief study collecting prey remains determined that Black-tailed Jack Rabbit 
(Lepus californicus) was the central prey species for Golden Eagles in northern Arizona. The 
results of a multiscale habitat suitability model (HSM) determined that slope between 18º-28º 
was the most important habitat characteristics for Golden Eagles and the sagebrush landcover 
was the least important. The multiscale productivity prediction model did not predict with high 
accuracy; however, the results did reveal some data gaps and provided guidance for adjustments 
in the future. The results of this entire dissertation can guide future research priorities for Golden 
Eagles in Arizona. For example, more research on Golden Eagle prey dynamics is needed to 
determine the impact prey have on their nesting success. Additional research should focus on 
adding human impact factors such as recreational activity or elemental mining as possible factors 
that negatively influence nesting productivity. Finally, quantifying climate features on a finer 
temporal scale should be considered and continued nest site data collection will increase the 
sample size for more informative results. 
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Chapter 1: Introduction 
 
Effective conservation of a species such as the Golden Eagle (Aquila chrysaetos) requires 
that research consider landscape characteristics that are relevant to their unique biological 
requirements and survival strategies at a regional scale (Fedy et al. 2014). The Golden Eagle can 
have a life span up to 40 years with a survival rate that varies among age groups and differs 
between regions (Watson 2010). The difference between survival rates among age groups reveals 
the necessity of understanding how individuals are using the landscape for survival and 
successful recruitment into the population. Additionally, the Golden Eagle is slow to mature and 
typically does not reproduce until its fourth or fifth year; therefore, examining all life stages, 
such as nesting productivity, is important for understanding the factors of reproductive success 
(Brown and Amadon 1968). The availability of suitable nest sites can be a limiting factor in 
Golden Eagle reproduction; therefore, pairs may remain in nesting territories even during years 
of poor reproductive conditions (Newton 2010). Nest site habitat characteristics typically 
determine the success of a nesting pair; thus, constructing a conservation plan suitable for 
Golden Eagle at the optimal scale is vital. Currently there is increasing concern about the Golden 
Eagle population in western North America as well as some disparity on the direction of the 
population trends. In addition, there is a rise in threats to Golden Eagles, such as renewable 
energy development, that have not been fully documented; therefore, understanding basic habitat 
requirements is necessary for conservation strategies (Domenech et al. 2015). 
Golden Eagles have been well-studied as a species throughout their global range; 
however, Arizona’s Golden Eagle population remained essentially unstudied. In 2011, Arizona 
Game and Fish Department (AZGFD) began nest surveys for cliff nesting Golden Eagles 
throughout the state. As of 2018, there are approximately 260 Golden Eagle territories that are 
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located generally along the Mogollon Rim, the north and south rim of the Grand Canyon as well 
as a small assemblage in southeast part of the state. These birds nearly exclusively build nest 
sites on cliffs with a small percentage in trees or on manmade structures such as power towers 
(McCarty et al. 2016). Preliminary survey results of nesting seasons 2011-2016 have shown a 
high (68%) nest failure occurring some time during incubation or early brooding. In contrast, the 
nesting seasons 2017 and 2018 showed a 57% success rate, in which the pair successfully 
fledged at least one young.  
The Arizona Golden Eagle population is important for several reasons. Arizona 
represents a diverse collection of topographical, land cover and climate features that can change 
over very short distances; therefore, quantifying data could delineate important habitat 
characteristics for Golden Eagles nesting in similar desert habitats. In addition, it is anticipated 
that the southwestern United States will experience harsh consequences of global environmental 
change in the future and the documentation of this population’s response to climate covariates 
could prove valuable for future mitigation actions. Finally, a principal impetus for AZGFD to 
begin these surveys was due to an increase in wind power project proposals and request for 
“take” permits by Native Nations for religious purposes; therefore, the overall purpose for my 
research was to provide AZGFD the most valuable and tangible information on Arizona’s 
Golden Eagle in order for them to formulate sound policy and management decisions. This 
dissertation describes this examination and quantifying of habitat characteristics and nesting 
ecology of Golden Eagles nesting in Arizona. 
The last section of this chapter provides an overview of Golden Eagle ecology in western 
North America. This section presents an introductory understanding of Golden Eagle population 
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dynamics, territory characteristics and nest site selection as well as nesting phenology variations 
based on the latitude of the nesting territory.  
To lay the foundational groundwork quantifying the habitat characteristics of Golden 
Eagles nesting in Arizona I set out to produce a habitat suitability model that would be 
comprehensive and encompass their natural landscape. I included vegetation and water features, 
topography, human influenced landscapes such as development and agriculture land use and 
climate factors such as temperature and vapor pressure deficit. Arizona exhibits topographical 
and climate extremes within very short distances; therefore, identifying important habitat and 
climatic influences are essential to fully understand the factors influencing the Golden Eagles in 
Arizona. The habitat suitability model is presented in chapter 2 titled, “Multi-scale habitat 
suitability model using Golden Eagles (Aquila chrysaetos) in a desert ecosystem” and is 
formatted in the citation style for manuscript submission to the journal Ecological Applications.  
In chapter 3, I used the same collection of covariates from the habitat suitability model to 
determine which habitat characteristics best lead to successful Golden Eagle nesting and to find 
potential reasons for the high number of early nest failures occurring in Arizona. By 2013, early 
analysis revealed a high failure rate (68%) among nesting Golden Eagles. I set out to model 
potential factors that could be leading to the high nesting failure using a multiscale productivity 
model with a multitude of topographical and environmental covariates. The productivity 
predictive model is covered in chapter 3 titled, “Predicting Golden Eagle (Aquila chrysaetos) 
nesting productivity in a desert ecosystem using a multiscale modeling approach” and is 
formatted in the citation style for manuscript submission to the journal Biological Conservation. 
In chapter 4, I summarized conservation challenges and implications for Golden Eagles 
in western North America and Arizona. Finally, the dissertation ends with data that was collected 
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during the dissertation process. During nesting season 2013 I collected and analyzed prey 
remains from six active nesting pairs and for nesting seasons 2011-2014 I quantified the basic 
nesting phenology data with summary statistics in order to develop a nesting timeline for 
Arizona’s Golden Eagles. These two sections are short communications that include the prey 
dynamics titled, “Prey choice for Arizona’s Golden Eagles” and nesting phenology titled, 
“Nesting phenology for Arizona’s Golden Eagles” formatted in the citation style for manuscript 
submission to the Journal of Raptor Research.  
An Overview of Golden Eagle Ecology in Western North America 
Population dynamics - Golden Eagles (Aquila chrysaetos) are large, long-lived raptors 
with large nesting territories and low reproductive rates (Watson 2010). At the turn of the 20th 
century, Golden Eagles were described as one of the most numerous raptor species in western 
North America (Dixon 1937). Currently, there is some disparity about the status of Golden Eagle 
population throughout the western United States. Nonetheless, the southwest states still lack 
sufficient data, particularly Arizona.  
There are very little data for Arizona’s Golden Eagle with the exception of some 
inconsistent monitoring in the late 1970’s and early 1980’s. Until recently, the population status 
and trend were unknown for the state’s Golden Eagle. AZGFD began their first nest surveys 
initially covering the western third of the state in spring 2011 then in following years the entire 
state was covered. This progressed to productivity surveys and documenting nest outcomes 
beginning in 2013. In 2012, AZGFD in partnership with US Fish & Wildlife Service (USFWS), 
began fitting fledglings with satellite transmitters to document dispersal movements and 
mortality. This year (2019) will begin the ninth nesting season documenting Golden Eagle 
occupancy, productivity, phenology, dispersal behavior and survival throughout the state. The 
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data collecting efforts of population dynamics and nesting behaviors by AZGFD was central to 
the analyses within this dissertation and will lay foundation for future research on Arizona’s 
Golden Eagles.  
In order to fully understand Golden Eagle ecology, it is essential to understand how this 
species practices different survival and nesting strategies based on its unique local habitat 
characteristics. Although there is a limitation of wide-ranging studies, the literature still reveals 
that globally the Golden Eagle will assemble different habitat preferences and nesting ecology 
based on the characteristics of their regionally chosen territory. The ensuing condensed literature 
review of the western North American Golden Eagle’s natural history demonstrates the need to 
examine this species in every locale of their range and quantify the differences in order to 
understand how each population employs unique skills needed to secure continued persistence. 
Further elaboration of regionally based Golden Eagle ecology is necessary for more exact 
conservation policy and accurate mitigating actions in the future.  
Golden Eagle distribution, territory and nest-site characteristics - The Golden Eagle 
population, in the northern latitudes (north of 50˚N; US/Canadian border), exhibits different 
behavioral ecology than does the population in the temperate latitudes (south of 50˚N; 
US/Canadian border). Golden Eagles nesting in the northern latitudes are migratory, whereas the 
population nesting in the temperate latitudes disperses locally (Watson 2010). In addition, the 
nesting phenology, such as timing of egg laying and post fledging dependence period, is different 
between the two populations.  
In western North America, a pair of nesting adults may require an average of 22-35km2 
of habitat to support their reproductive efforts and within each of those territories is a complex 
set of survival strategies applied by the resident pair based on their unique habitat (Steenhof et al. 
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1983, Collopy and Edwards 1989). Nesting territories can range from 22km to 48km in the 
northwestern states such as Idaho and Utah (Camenzind 1969, Steenhof et al. 1983); whereas, in 
the arid habitats of the southwestern states they can be up to 93km (Dixon 1937, Braham et al. 
2015). Maximum nesting density is determined as 10-60 pairs per 1000 km2 (Watson 2010). 
Numerous studies show nearest-neighbor-distance (NND) are widely variable (Beecham and 
Kochert 1975, Craig and Craig 1984, McIntyre 2004). These nest sites are not chosen randomly 
and tend to be regularly spaced; however, variation in NND seems to be a factor of suitable 
nesting sites and landscape characteristics not prey density (Watson 2010).  
Golden Eagles need undisturbed open landscape and they avoid agricultural land, open 
water and closed canopy, especially at lower latitudes (Watson 2010, Katzner et al. 2012). In 
central Alaska, Golden Eagles nest in rugged mountainous terrain, along riparian and in open 
landscapes with low tundra vegetation (McIntyre 2004). In southwest Idaho, Golden Eagle 
territories are shrub steppe habitats containing sagebrush (Artemisia spp.), winterfat 
(Krascheninnikovia lanata), green rabbitbrush (Chrysothamnus spp.) and salt-desert zone shrubs 
(Marzluff et al. 1997). In Wyoming and Arizona, similar habitats were documented (Schmalzred 
1976, McCarty and Jacobson 2011). Golden Eagle nesting territories typically include riparian 
features (McIntyre et al. 2006, Watson 2010). The density of jackrabbits (Lepus spp.) or prey is 
not a factor in habitat choice for breeding adults (Marzluff et al. 1997, Watson 2010). 
The usage of home ranges is unique to each nesting pair. Each pair adapts ranging 
behavior based on the association of topography, climate and prey availability (Marzluff et al. 
1997, McLeod et al. 2002, Watson 2010). In addition, the size of a home range is not necessarily 
correlated with nesting success rates; success rates are instead associated with habitat 
characteristics and prey availability (Steenhof et al. 1983, Marzluff et al. 1997, Watson 2010). 
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The lack of suitable nesting sites can have a negative effect on nesting productivity and has 
shown to cause population declines (Watson and Dennis 1992, Kochert et al. 1999, Newton 
2010). 
Nest site selection – Nest site selection of Golden Eagles is multifaceted and regionally 
specific. A pair will build and maintain their nests year-round and some nests are used for 
generations (Watson 2010, Kochert and Steenhof 2012). Globally, a pair of Golden Eagles can 
possess from 1 to 18 nests in a territory (Kochert and Steenhof 2012). In Arizona, one nesting 
territory is documented having 24 nests (AZGFD unpublished data).  
Golden Eagles often nest on cliffs. However, when suitable cliff sites are not available, 
they will nest in isolated tall tree stands surrounded by open landscape. Even the types of trees 
they chose to build nests are specific to the region. For example, in Sweden, Golden Eagles 
predominantly select trees in old-growth (300-400 years old) Scots pine (Pinus sylvestris) forests 
(Tjernberg 1983); whereas, a population in northeastern Wyoming selected mostly deciduous 
trees (Menkens Jr. and Anderson 1987). Cliff nesting parameters are more variable. The choice 
of nest orientation varies based on region and is a factor of climate (Kochert 1972, Bahat 1991, 
Watson 2010). A universally common feature of cliff nests is that they are virtually inaccessible 
to human disturbance and distant from human activity such as roads and habitations. Ground 
nesting is more predominant in semi-arid regions (Camenzind 1969).  
Golden Eagle nesting behavior and phenology - The initiation of egg-laying for Golden 
Eagles varies depending on region – as early as December in the Middle East to as late as early 
May in arctic regions (Bahat 1991, McIntyre and Adams 1999, Watson 2010). The average 
clutch size is one to two eggs (Edwards and Collopy 1983, Watson 2010). Moreover, if the nest 
fails early, the pair usually does not lay a second clutch (Beecham and Kochert 1975, Watson 
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2010). Incubation ranges from 43 to 45 days; however, this parameter is not as well documented 
due to difficulties in accessing remote nest sites. The most energy intensive period for the nesting 
pair is during the first 50 days of a nestling’s life because this is when nearly all of the growing 
and weight gain occurs (Ellis 1979, Collopy 1986). Fledging occurs around 70 days-old, and a 
post-fledging dependence period occurs until 90 days-old in the migratory population and up to 
180 days old for non-migrants. By the time fledglings leave the nest, males weigh an average 
3.5kg and females can typically weigh over 4kg (Watson 2010). 
Comparing regional nesting phenology - Golden Eagle nesting phenology differs 
depending on region (latitude) and the length of the post fledging dependence period. Golden 
Eagle populations in regions with mild climate that provide an abundant prey base do not need to 
migrate in order to locate resources. This is not the case for populations in latitudes above 50˚N 
(arctic and subarctic) in which climatic conditions require juveniles and adults to migrate long 
distances in order to survive harsh winters (McIntyre et al. 2008, Watson 2010). Migrating 
shortens the post fledging dependence period by several months. In turn, this requires the 
juveniles to become accomplished flyers and hunters sooner than their non-migratory cohorts. 
There was some speculation that climatic conditions, in the artic northeast corner of 
Alaska (60-70˚ N latitude), only supported marginal nesting productivity (Hobbie and Cade 
1962). However, during 1988-1990 a study documented 22 nesting territories and 31 occupied 
nests (1.22 fledgling/nest) on the north slope of the Brooks Range in northeastern Alaska (Young 
et al. 1995). In this most northern range, the mean number of successful nests did not differ 
significantly among years; however, the mean laying dates did with laying dates ranging from 
March 23 to May 11 with the mean laying date of May 7 (Hobbie and Cade 1962). There was a 
variation in annual nesting success that corresponded with years of early snowmelt and increased 
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snow cover that may reduce the availability of prey species as well as lack of access to nest sites 
triggering Golden Eagles to not nest (Poole and Bromley 1988, Snow and Perrins 1998).  The 
nesting phenology of Golden Eagles in their central Alaskan range is reminiscent of the more 
northern Alaskan ranges but with an earlier mean laying date of April 14 and exhibit higher 
nesting productivity (Young et al. 1995, McIntyre and Adams 1999). In addition, this population 
builds nests exclusively on cliffs and rock outcroppings at elevations averaging 1100m. Golden 
Eagles nesting in extreme northern latitudes have the latest laying dates of any region. 
The nesting ecology for Golden Eagles nesting in temperate climates can vary widely 
based on the habitat characteristics of the territory. The laying dates for this population vary 
widely from mid-February in the Southwest to early April in Wyoming (Dixon 1937, Camenzind 
1969, Beecham and Kochert 1975, Schmalzred 1976, Watson 2010). The average clutch sizes 
range from 1.9 in Utah to 2.1 in Montana (McGahan 1968, Camenzind 1969). The average 
number of fledgling per nest is highly variable with 1.3 in Montana and Idaho and .5 in 
Wyoming (McGahan 1968, Beecham and Kochert 1975, Schmalzred 1976).  
While there is a good understanding of the basics of Golden Eagle ecology in western 
North America, there is much work to be done. In the face of global environmental change, 
researchers must dive into the specifics of how this species uses its habitat and quantify how 
certain changes in climate can affect their success. The following chapters begin to answer 
questions about Arizona’s Golden Eagles by revealing which scales the species responds and 
which habitat feature is most important for the continued success of Golden Eagles. Although the 
following chapters address these concerns for Arizona’s Golden Eagles, there is a need for this 
type of investigation throughout their global range.   
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Chapter 2: Multi-scale habitat suitability model for  




Since the early 19th century species extinction rates have increased due to anthropogenic pressures. 
In order to combat potential declining populations, an examination of a species’ distribution 
spatially and temporally is central to understanding  how a population uses the landscape. Utilizing 
multi-scale habitat suitability models (HSMs) to evaluate a species behavioral ecology is an 
effective approach. For this study the Golden Eagle was the focal species with the study site 
including all areas of Arizona except for the Navajo/Hopi Nations. All nest site location data were 
obtained by the Arizona Game and Fish Department (AZGFD) during surveys conducted between 
2011-2018 as well as available historical data beginning in 1973. There were 190 presence points 
(nest sites) comprised of documented nesting activity such as two adults present at the nest or an 
adult incubating. I created 5,000 pseudo-absence points at least 10 m apart that covered the entire 
study area. There were 22 habitat covariates (five climate that were further divided into seasons 
providing 14 total, three topographic, three habitat and two human). In order to find the scale at 
which Golden Eagles responded to each predictor, I executed Random Forests in R as a regression 
with these parameters: 2,000 trees (number of bootstrap repetitions) for five scales (400 m, 800 m, 
1,600 m, 3,200 m, 6,400 m radii). The optimized scale was chosen for the main model. A test for 
multicollinearity removed seven covariates leaving 15 for the final model. The results suggested 
that the two most important covariates were slope and aspect, and agriculture and sage as the two 
least important. The habitat suitability map showed a majority of the suitable habitat along the 
Mogollon Rim and the North and South Rim of the Grand Canyon National Park. 
 
INTRODUCTION 
There is increasing evidence that species extinction rates have been accelerating since the 
emergence of humans (Ceballos et al. 2015). Since the 19th Century, anthropogenic pressures 
such as habitat destruction, the releasing of environmental toxins, the introduction of invasive 
species, the use of natural resources and illegal poaching have contributed to the decline in 
biodiversity (Ceballos et al. 2010). Coupled with such pressures are the undetermined 
consequences of global environmental and climate change secondary to increasing carbon 
emissions and landscape changes in order to accommodate an increasing human population. 
Among documented studies, early indications show an increase in climate-induced extinctions, 
deviation in species distributions and ranges as well as phenological shifts (Easterling et al. 
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2000). Monitoring and measuring potential population extinctions is an important indicator of 
the loss of biodiversity because population extinction precedes species extinction; however, a 
majority of the weight has been placed on species extinction (Ceballos and Ehrich 2002). Habitat 
loss and degradation caused by land-use changes are a major threat to species populations. In 
addition, environmental and climate change are potential causes for population extinction due to 
the changing or elimination of a species’ habitat (Hannah and Bird 2018). A thorough 
understanding of how a population uses the landscape is imperative in implementing 
comprehensive conservation decisions. Utilizing habitat suitability models (HSMs) to evaluate 
these potential threats have become a predominant theme in recent studies (Wan et al. 2017, 
Cushman and Wasserman 2018, Molinos et al. 2018). I examined the habitat preferences of 
Golden Eagles (Aquila chrysaetos) using relevant environmental covariates chosen a priori as 
potentially important or unimportant based on the known ecological characteristics for this 
species. 
Examining how a species is distributed spatially and temporally is fundamental to 
understanding their ecology. An environmental profile of the species can be established in order 
to ascertain the importance of specific factors that make up the species’ fundamental niche by 
quantifying the correlation between environmental predictor variables and habitat selection. In 
addition, HSMs can predict a species’ distribution across areas that are not sampled and can 
provide more efficient surveys in the future. The central theoretical basis for HSM is describing 
species-environmental relationships using biotic and abiotic factors that limit a species use of the 
landscape. Generally, these factors can be arranged into three types of influences: 1) eco-
physiologically limiting factors, such as climate or topography, 2) resources, such as food or 
water and 3) disturbances, such as wild land fires or human development. These factors impact, 
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usually in a hierarchical way, the distribution of a species at different spatial scales. For example, 
climatic changes may cause a gradual change in distribution over larger areas, whereas changes 
in resources, such as a dried out water source may cause an immediate change in a localized area 
(Guisan and Thuiller 2005). Examining the relationship between both biotic and abiotic factors 
for a species to better understand the impact these factors have on a species is well-documented; 
however, using the scales at which a species is responding to predictor covariates has not been 
overly incorporated into studies (Miquet et al. 2016).  
In order to fully understand how environmental conditions influence a species’ response 
to their environment, a valid species-habitat relationship can only be drawn when the scales of 
the covariates correspond with the scale of the species response (McGarigal et al. 2016). When 
measuring a species response to the environmental covariates not considering spatial scale can 
have a multifactored influence on the outcome leading to incorrect interpretation; therefore, the 
response must be measured at the scale in which the relationship is strongest (Miquet et al. 
2016). Multiscale approaches to habitat modeling will generate more robust results and thereby 
more reliable interpretations to the ecological associations.  
For this study, I examined the habitat preferences of Golden Eagles (Aquila chrysaetos) 
using relevant environmental covariates chosen a priori as potentially important or unimportant 
based on the known ecological characteristics for this species. Golden Eagles populate a wide 
range of habitats throughout their global range from arctic forests to desert scrubland. Currently, 
there are no documented studies quantifying Golden Eagle nest site selection in Arizona. Using 
data collected by Arizona Game & Fish Department (AZGFD), landscape characteristics of 
active and productive nests were used to develop a nest site selection model. The aim of this 
13  
study was to conduct a multiscale analysis in order to understand the environmental and climate 




The study site includes all areas of Arizona except for unsurveyed areas on the 
Navajo/Hopi Nations and military installations (Fig. 1). When calculating the focal mean during 
the sampling process in GIS, which uses a moving window to avoid missing values within the 
search cell while calculating the covariate mean values, I used a 10km buffer outside the state 
boundary with the exception of the southern boundary (Mexico) to prevent buffer issues during 
sampling near the Stateline. Mexico was excluded due to the lack of data within the available 
GIS layer based in the United States. 
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There are three main biogeographic zones in Arizona: (1) a high plateau averaging 
between 1,500m and 2,100m in elevation in the central north and northeast; (2) a mountainous 




FIG. 1. Study site showing the nest sites (black dots), State of Arizona (green fill) and the 
line displaying the 10 km buffer.  
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and (3) low mountain ranges and desert valley in the central and southwestern portion of the state 
(Brown 1994). The climate in Arizona varies greatly depending upon the elevation. The average 
precipitation can be as high as 127 cm annually in the mountainous regions to as low ≤1 cm 
annually in the southwestern valleys. The Arizona desert is unique in that it has two precipitation 
peaks, snowfall during the winter months in northern Arizona and monsoon events beginning in 
July and ending in late September. The highest average temperatures in the southwestern desert 
valleys can reach 49° C during the summer months to the lowest average temperatures at the San 
Francisco Peaks of -13° C during the winter months (PRISM Climate Group 2018). The 
vegetation throughout the state varies greatly based on elevation. The northern portion of the 
state is dominated by ponderosa pine (Pinus ponderosa), piñon pine (Pinus edulis), alligator 
juniper (Juniperus deppeana) and one-seed juniper (Juniperus monosperma); whereas, the 
southern portion is dominated by saguaro cactus (Carnegiea gigantea) cholla 
(Cylindropuntia spp.) and a large variety of sagebrush (Artemisia spp.) (Brown 1994). 
Data Collection 
All nest site location data were obtained by the Arizona Game and Fish Department 
(AZGFD) during surveys conducted between 2011-2018 or from available historical data 
beginning in 1973. AZGFD determined suitable cliff nest habitat as slopes greater than 40 
degrees using ArcMapTM before surveying for potentially new nests. Nest focused aerial 
(helicopter and fixed-wing) and opportunistic ground (while doing Bald Eagle nest checks on 
foot) surveys were conducted between January and July to record data on occupancy status, nest 
size, condition of the nest and to document nest productivity and nestling age (McCarty and 
Jacobson 2011, 2012; McCarty et al. 2013, 2014, 2015, 2016). AZFGD described occupancy 
with established terminology (Postupalsky 1974, Steenhof and Kochert 1982):  
16  
Occupied nest: Defined as when of the below activities was observed 
a) Young were raised 
b) Eggs were laid 
c) One adult observed laying in the nest, possibly incubating 
d) Two adults present in the nest or near the nest 
e) One adult showing nesting behaviors near the nest 
f) Fresh evidence of nest maintenance  
g) One adult near the nest 
h) Two adults observed together during nesting season  
 
Active nesting pair: Defined as a nest in which eggs have been confirmed as laid 
 
In order to gain a greater number of presence-points AZGFD’s targeted surveying 
approach was the best strategy to ensure a higher accuracy in predicting habitat suitability. 
Habitat suitability models increase in accuracy with an increase in presence-points especially in a 
population with a low density of individuals (Hernandez et al. 2006, Wang et al. 2014).  
Survey methods 
Two nest site surveys via helicopter or fixed-wing aircraft were conducted separated by 
at least 30 days with the first survey targeting early incubation in late February or early March. 
These surveys were conducted over a course of several weeks depending on the number of nest 
sites. The second survey targeted late incubation and the nestling stage in late March to early 
April. Finally, in May to June, a third survey via helicopter or fixed-wing aircraft was conducted 
in order to document productivity of active pairs and data on number fledged offspring or to 
confirm nesting failure (McCarty and Jacobson 2011; McCarty et al. 2016). These surveys were 
conducted over a course of several weeks depending on the number of nest sites with active pairs 
in a given year.  
Data Analysis 
Nest site locations – The presence points consisted of 190 nest sites with spatially 
duplicated points removed to give one point per location. Nest sites were considered not to be 
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spatially autocorrelated if the distance between points was more than 2km. The nest site data 
consisted of presence-only data; therefore, I created 5,000 pseudo-absence points at least 10m 
apart that covered the entire study area. Although there was only one presence point in the 
Navajo Nation and historically there is the possibility of additional nest sites in this area, I 
determined that it was important to include the Navajo Nation in my pseudo-absence points. In 
the literature some disparity remains on the number of pseudo-absence points and the method of 
placement choices is best; however, I used the methods that are an emerging theme (Barbet-
Massin and Jetz 2014, Cerasoli et al. 2017). A high number of pseudo-absence points (10x the 
number of presence points) and placed randomly throughout the study area increases the 
accuracy of the model and provides higher discrimination among predictors (Barbet-Massin and 
Jetz 2014, Cerasoli et al. 2017). The presence points were a broad representation of desert habitat 
throughout the study area; therefore, including the Navajo Nation would not decrease the 
accuracy of the model. In addition, due to suspected nest sites within the Navajo Nation, I 
believed it was important to include the habitat characteristics of the area in order to delineate 
any suitable habitat.  
Habitat and climate covariates -  I used 22 habitat covariates (five climate that were 
further divided into seasons providing 14 total, three topographic, three habitat and two 
human)(Table 1). Climate layers were obtained from PRISM Climate Group (PRISM Climate 
Group 2018). Landscape and environmental layers were obtained from LANDFIRE Program 
(LANDFIRE 2001). All landscape covariates were chosen a priori based on established Golden 
Eagle natural history traits known to either positively or negatively influence their nest site 
choices (Watson 2010). I chose habitat and topographic covariates that were likely to positively 
influence Golden Eagle nest site choices such as pinyon-juniper woodlands, riparian and 
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elevation as well as landcover that was likely to negatively influence nest site choices such as 
agriculture and developed areas. Choosing specific and known environmental covariates that 
were either associated or not associated with Golden Eagle habitat characteristics increased the 
potential accuracy of the HSM and function in examining predictors as “truth” in response to 
predicted environmental relationships (Guisan et al. 2006).  
LANDFIRE is a freely accessible data source that uses remote sensory satellite imagery 
using Landsat to create landcover data by measuring visible and infrared light reflection. The 
LANDFIRE Program produces national scale vegetation, fuels, fire regimes and landscape 
disturbance data for the entire U.S. The LANDFIRE (EVT) used for this model comprised of 
landcover using vegetation structure layers that include vegetation percent cover and height 
representing the dominant plant community in the targeted study area (for more details see 
NatureServe 2018). I chose this data source because of the broad and widely available data 
offered in 30-pixel resolution as well as regularly updated mapping.  
I chose all the climate data available via PRISM for my main five climate covariates and 
further subdivided them into seasons based on Golden Eagle nesting phenology in Arizona. The 
months of February, March and April were considered early nesting season. During this period 
nesting pairs are egg-laying, incubating and early brooding. The months of May, June and July 
were considered late nesting season. During this period nesting pairs are fully into the nestling 
stage with fledging occurring from mid-June to early July. This period marks the initiation post-
fledging dependence stage in which young and inexperienced Golden Eagles are learning 
survival strategies. In addition, late nesting season coincides with the beginning of the monsoon 
season in Arizona.  
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I selected a number of relevant climate variables to evaluate. These covariates were 
calculated using the 30-year normal dataset (Norm81m) (PRISM Climate Group 2018). Monthly 
30-year “normal” were developed using the averages for the climatological period 1981-2010 
using a spatially gridded average annual climate covariate at 4km grid cell resolution. I chose 
PRISM as my source of climate data due its freely accessible databases and its dominance in 
various climate literature.  
TABLE 1. All covariates entered into Random Forests for the initial habitat suitability model. 
Covariate 




Monthly 30-year “normal” averaged over 
the period 1981- 2010. (30m resolution) 
 
Climate PRISM 
30 Year Maximum 
Temperature 
(30tmax) 
Monthly 30-year “normal” averaged over 
the period 1981- 2010. (30m resolution) Climate PRISM 
30 Year Minimum 
Temperature 
(30tmin) 
Monthly 30-year “normal” averaged over 
the period 1981- 2010. (30m resolution) Climate PRISM 
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Minimum VPD for the months of May, 






Maximum daily temperature for the 







Maximum daily temperature for the 







Minimum daily temperature for the 







Minimum daily temperature for the 






Monthly precipitation for the months of 





Monthly precipitation for the months of 
May, June and July 
(30m resolution) 
Climate PRISM 
Aspect Azimuth of the sloped surfaces across a landscape Topographic LANDFIRE 
DEM (DEMM) Land height (m) above mean sea level Topographic PRISM 
Slope Change of elevation over a specific area Topographic LANDFIRE 
Agriculture (Agri) Composition of vegetation currently present Human LANDFIRE 
Riparian (Riprn) 
Composition of western riparian 





Composition of pinyon-juniper woodland 
currently present Habitat LANDFIRE 
Sage Composition of big sagebrush shrubland and steppe currently present Habitat LANDFIRE 
Developed Areas 
(Devpd) 
Composition of human development 
currently present Human LANDFIRE 
 
Data processing - Nest site locations were incorporated into Geographic Information 
System (GIS) software ArcGISTM version 10.4. All habitat and topographic covariate raster data 
were originally in a resolution of 30 m and climate covariate raster data were in a resolution of 
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800 m. I resampled all the layers to a resolution of 30 m in NAD 1983 UTM zone 12. Landscape 
covariates were created using binary maps of corresponding landscape type by classification 
using LANDFIRE Existing Vegetation Type (EVT) layer (LANDFIRE 2001). The aspect layer 
was originally represented in degree (i.e., 0° to 360°). I cosine transformed the layer such that it 
had a value between -1 and 1. Positive values indicate north-facing slopes, and negative values 
indicate south-facing slopes. 
Random Forests – To model Golden Eagle habitat suitability I used the randomForests 
package in R statistical software to predict suitable habitat throughout the state of Arizona (Liaw 
and Wiener 2002, R Development Core Team 2014). Random Forests is a strong classifier and 
by growing many decision trees using random “votes” of independent variables at each node 
allows it to outperform most other methods such as logistic regression in its ability to overcome 
statistical issues typical of complex ecological data (Brieman 2001). The resulting trees produced 
in Random Forests are more accurate than those produced by a single tree. Using the Random 
Forests method provides protection against overfitting and sensitivity to collinearity issues that is 
typical in other logistical regression methods and does not require large sample sizes when using 
a large number of predictors to avoid overfitting (Brieman 2001). In addition, Random Forests 
does not require a specific distribution to be defined, unlike with logistic regression which has 
distributional assumptions (Evans et al. 2010). Finally, Random Forests is the method of choice 
when dealing with highly correlated data with many interactions and a small sample size 
(McGarigal et al. 2016b). 
Random Forests does not require sub-setting for training and testing datasets (Evans and 
Cushman 2009). Instead Random Forests uses an Out Of Bag (OOB) technique unique to 
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machine learning. Random Forests holds at least 63% of the data as training data and tests the 
rest of the data against the training producing an error rate. When the testing data accurately 
delineates the absence and absence points compared to the training data, a low OOB error rate is 
produced. The output for Random Forests is metrics that rank predictor variables in order of 
importance based on the number of times a given metric decreased mean squared error (MSE). 
Because the trees are grown randomly there is no numerical metric instead variable importance is 
assessed by ranking when randomly permuted values of one predictor across all trees and 
estimates the accuracy decrease of prediction in the forest (Brieman 2001). Random Forests 
produces maps that are more heterogenous than those of other methods such logistic regression 
(Hernandez et al. 2006).  
Scaling - For finding the scale (radius from the nest site) at which each predictor 
covariate was most associated with the nesting of Golden Eagles, I executed Random Forests in 
R as a regression with these parameters: 2,000 trees (number of bootstrap repetitions) for five 
scales (400 m, 800 m, 1,600 m, 3,200 m, 6,400 m radii) for each of the covariates individually. 
Prior to the actual runs, I conducted multiple pilot runs with 10,000 trees and with different 
variables, and determined that the accuracy did not improve after ~500 trees. However, I opted to 
use 2,000 trees just to be conservative. Once Random Forests ran all five scales for each of the 
22 covariates, I chose the scale for each covariate with the lowest out of bag error (OOB) for my 
main habitat suitability model. When the OOB was tied, I chose the scale with the highest mean 
decrease accuracy score. This was repeated for all 22 predictor covariates and compiled into one 
database to run the main habitat suitability model. This resulted in 22 covariates at their optimal 
scales for the main model.  
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Multicollinearity test – I tested for multicollinearity using a p-value of .05 coefficient 
among the 22 covariates which resulted in these seven covariates being removed: 30-year 
minimum temperature, 30-year maximum Vapor Pressure Deficit (VPD), early and late nesting 
maximum and minimum temperature and late nesting maximum VPD. There were 15 covariates 
used in the final model (Table 2). 
TABLE 2. Fifteen covariates entered into the final Random Forests habitat suitability 
model after testing for multilinearity. 
Covariate (Abbreviation) Scale (m) 
30-year minimum VPD (mVPD) 1600 
30-year minimum maximum temperature (tmin) 1600 
Agriculture (Agri) 6400 
Early nesting minimum VPD (AmVPD) 6400 
Early nesting precipitation (APTT) 1600 
Aspect (Aspect) 1600 
Early nesting maximum VPD (AxVPD) 6400 
Late nesting minimum VPD (BmVPD) 3200 
Late nesting minimum precipitation (BPTT) 6400 
DEM (DEMM) 6400 
Developed areas (Devpd) 6400 
Pinyon-Juniper woodlands (PJun) 400 
Riparian woodlands (Riprn) 6400 
Sagebrush shrubland (Sage) 800 
Slope (Slope) 800 
 
Multi-scale habitat suitability model – To build the final habitat suitability model, I 
executed Random Forests in R with the remaining covariates using these parameters: 2,000 trees 
and 10 mtry. Because my data were unbalanced (i.e., 190 presences vs. 5000 pseudo-absences), I 
used the rf.classBalance function in the rfUtilities package in R to balance the data prior to 
modeling (Evans and Murphy 2018). Finally, I applied the model and created a predictive map 
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showing the estimated suitability of nesting habitat for the Golden Eagle across the entire study 
area (Fig. 6). 
Cross-validation - I conducted a cross-validation to evaluate the performance of the 
model using rf.crossValidation function in the rfUtilities package in R (Evans and Murphy 
2018). The cross-validation produces a suite of model performance metrics, including users and 
producers accuracies, Kappa statistics, and cross-validated OOB error rate. I calculated the 
scaled variable importance and generated partial dependence plots to determine the relationship 
between the range of a given variable and the estimated probability distribution.  
RESULTS 
Optimized scales - The univariate scaling analysis of all covariates revealed ecologically 
relevant insights into how Golden Eagles respond spatially to certain environment and climate 
variables (Table 3). The climate covariates showed a majority of the optimized scales at the 
broader scales (1,600 m – 6,400 m). The composition and topographic covariates ranged widely 










TABLE 3. Results of scale error rate for each covariate. The lowest error rate (dark shaded values) 
was the optimized scale used in the multi-scale model. Light shaded covariates were removed 
due to multicollinearity. 
Variable Scale 400 Scale 800 Scale 1600 Scale 3200 Scale 6400 
30mVPD 29.4 28.4  28 28.82 28.32 
30tmax 29.83 28.9 30.87 28.96 28.32 
30tmin 29.42 28.4 28 28.82 28.32 
30xVPD 29.02 29 30.71 29.4 27.4 
AGRI 91.79 92.66 88.3 85.39 78.92 
AmVPD 30.27 30.91 30.77 31 28.67 
APTT 27.94 27.9 27.69 28.13 31.54 
ASPECT 27.96 28.21 27.86 28.27 31.7 
Atmax 30.27 30.94 31.16 30.75 29.13 
Atmin 28.07 26.61 27.9 29.27 28.11 
AxVPD 29.33 29.56 29.48 28.86 27.63 
BmVPD 32.14 31.35 31.16 29.46 29.67 
BPTT 29.75 29.94 30.39 30.12 28.77 
Btmax 30.39 29.83 31.77 32.1 29.27 
Btmin 30.35 30.64 31.12 29.48 29.63 
BxVPD 31.68 31.04 30.5 31.08 28.25 
DEVPD 84.76 80.5 72.6 66.94 28.15 
PJUN 19 21.77 25.53 27.98 26.07 
RIPRN 83.82 85.7 26.13 29.17 25.03 
SAGE 82.41 26.07 32.64 28.81 27.44 
DEM 30.54 31.14 31.64 29.52 27.92 
SLOPE 25.09 23.43 28.09 29.48 31.48 
 
         Multi-scale Model – The final model consisted of 15 covariates with two topographic and 
three climate were the top five important variables. Slope was the most important variable by a 
considerable margin (Fig. 2).                         
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FIG. 2. The results of the covariate importance ranking produced in Random Forests. Higher 
numbers (more to the right) represent greater importance.  
 
The partial dependency plot showed a nearly 100% probability with slope values between 20 and 
30 with minimal variability (Fig. 3a). The partial dependency plot showed a nearly 100% 
probability with a cosine-transformed aspect of .25 radians (north-facing) (Fig. 3b).  
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FIG. 3. Partial dependency plots showing the optimal response for the covariate (A) slope 
at the 18º-28º range and covariate (B) aspect with an optimal response at north/northeast 
facing.  
 
The three most important climate variables were minimum VPD during late nesting season 
(May, June, July) with nearly 100% probability dropping to zero at 20 hPa (Fig. 4a), maximum 




hPa (Fig. 4b) and precipitation during the late nesting season (May, June, July) with nearly 100% 
probability at 55 m (Fig. 4c).  
FIG. 4. Partial dependency plots illustrating the optimal response for the covariate (A) minimum 
VPD for late nesting season from 0 hPa to 20 hPa, the covariate (B) maximum VPD for early 
nesting season optimal response peaks at 45 hPa and the covariate (C) late nesting season 
precipitation a fairly bimodal optimal response with a 75% probability in the range 0-10 mm and 
peaking 100% probability at 55 mm. 
 
The five least important variables were DEM (Digital Elevation Model), Pinyon-Juniper, 
developed areas, agriculture and sage (Fig. 2).  
The multi-scale model had a high predictive performance with the cross-validated OOB 
of .02 and Cohen’s Kappa of 0.72 (values < 0 indicate no agreement, 0 – 0.20 as slight, 0.21– 
0.40 as fair, 0.41 – 0.60 as moderate, 0.61 – 0.80 as substantial, and 0.81 – 1 as almost perfect 
agreement). The Matthew’s correlation coefficient was 0.72 and the F-score was 0.86. The 





TABLE 4. Random Forests model performance metrics results using  
cross-validation function in the Utilities package in R.   
Cross-validated OOB Rate .02 
Accuracy (PCC) 86.05 
Cohen’s Kappa 0.72 




ROC Curve 0.63 
 
The multidimensional scaling plot (MDS) showed identifiable partitioning among the 
presence points and absence points (Fig. 5).  
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FIG. 5. Multidimensional scaling plot (MDS) displaying obvious segregating between the 
presence and absent points for Random Forests model predicting suitable habitat for 
Golden Eagles in Arizona.  
 
 The habitat suitability map showed a majority of the suitable habitat along the Mogollon 
Rim and the North and South Rim of the Grand Canyon National Park (Fig. 6). In addition, the 
map revealed suitable Golden Eagle habitat that was either not currently occupied or covered 





FIG. 6. Habitat suitability map produced by Random Forests predicting suitable habitat (1=most 
suitable) for Golden Eagles nesting in Arizona. The most suitable habitat follows along the 




 Golden Eagle habitat suitability and the importance of scale – The individual results in 
each of the partial dependency plots revealed detailed habitat characteristics that are important 
for Golden Eagles in a desert ecosystem. Although a variety of covariates were not as important 
as others in the main multiscale HSM, the scale in which the response was optimal did provide 
= Nests 
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beneficial understanding of the species. Based on the optimizing of scales and variable 
importance for this study, I ascertained specifically that slope between 20-30° at a spatial scale of 
800m is most important to Golden Eagles choosing to nest in a desert ecosystem. There are 
numerous studies that document the importance of slope to Golden Eagle globally in variable 
perspectives. Katzner et al. (2012) showed the importance of topography including varying 
degrees of slope for both migrating and local flying eagles in eastern North America. 
Ruggedness was showed to be most important in central Alaska and Montana (McIntyre et al. 
2006, Crandall et al. 2015). Additionally, a study in Sweden established slope (steeper) to be 
significant for habitat selection in a population of Golden Eagles that predominantly nest in trees 
(Singh et al. 2016).  
Open spaces are necessary for Golden Eagles in order to maintain prolonged soaring in 
search of prey and the maneuverability required during prey pursuits. Golden Eagles have an 
average wingspan of two meters thereby requiring environmental uplift for gaining altitude and 
prolonged soaring. Cliffs and steep slopes can provide the initial altitude by way of orographic 
uplift, whereas open spaces provide thermals necessary for soaring (Katzner et al. 2012). How 
Golden Eagles as well as other large soaring raptors use slope for flight has important 
implications for policy decisions with potential repercussions directed at wind power proposals. 
One of the primary objectives for AZGFD to begin Golden Eagle nest site surveys was initiated 
by an increase in wind power proposals throughout suspected eagle territory.  
A north-facing aspect at the 1,600 m scale demonstrated to be the second most important 
to Golden Eagle habitat suitability. This finding is somewhat different than other locations such 
as in Sweden, a southwestern aspect was preferred as well as a western aspect was preferred in 
central Montana (Crandall et al. 2015, Singh et al. 2016). The prevailing winds throughout 
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Arizona vary during nesting season; however, a majority of the northern part of the state has a 
prevailing wind from the southwest which would aid young nestlings during the colder months 
(Western Regional Climate Center 2002).  In contrast, during the later months of the nesting 
season, an aspect (NE) that faces away from the grueling afternoon heat of Arizona might prove 
to be beneficial at preventing heat exhaustion. 
The broader scale climate covariates potentially corresponded with the requirements of 
the Golden Eagle prey base of Lepus spp. Early nesting season minimum temperature (800 m) at 
a finer scale most likely corresponds with the timing of incubation. The subsequent two variables 
pertained to VPD and to our knowledge have not been used as a covariate in a habitat suitability 
model; therefore, we have no comparison to our results. The minimum VPD at a scale of 3,200 
m during late nesting season was the primary important climate variable in our HSM. The 
probability of nest sites drops to nearly 0% after the VPD reaches 20hPa (Fig. 4a). This followed 
by the maximum VPD at a scale of 6,400m during early nesting season. The probability of nest 
sites reaches nearly 100% at 42hPa then falls to near 0% by 70hPa (Fig.4b). Vapor pressure 
deficit (VPD) is the difference between the saturation vapor content of air at temperature and 
provides an absolute measure of atmospheric moisture independent of temperature (Seager et al. 
2015). In the deserts of the Southwest this covariate could provide valuable insight to future 
implications regarding environmental climate change and the potential for wildland fires.  
As the Southwest region experiences more extreme climatic events such as La Niña and 
El Niño, this could impact rainfall levels as well as drive VPD to higher levels during the fall, 
winter and spring (Seager et al. 2015). This can dry out the soil; thereby, drying out the 
vegetation that is important to Golden Eagle prey. In the Southwest, Golden Eagles primarily 
prey on medium mammals such as hares (Lepus spp.) and ground squirrels (Otospermophilus 
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spp.) that depend on the water content in the vegetation (Losee et al. 2013). In Arizona, the 
black-tailed jackrabbit (Lepus californicus) was documented as the primary prey choice for 
Golden Eagles with grasses (Agropyron spp.) making up a majority of the diet for Arizona’s 
jackrabbits (Johnson and Anderson 1984, Losee et al. 2013). During nesting season adult Golden 
Eagles depend heavily on jackrabbit density to fulfill energy requirements to growing nestlings; 
therefore, covariates that measure the ability for the environment to hold water content was not 
unexpected it came as an important predictor variable (Collopy 1986).  
The late nesting season precipitation was an important variable at the scale of 6,400 m. In 
Arizona, a majority of the annual precipitation comes during monsoon downpours. In a desert 
ecosystem the extent of precipitation can have an enormous impact on species dynamics. During 
periods of drought and high temperatures, Golden Eagles may experience more nesting failures, 
low survival of fledglings or decline to reproduce completely in association with the combined 
effects of reduced prey populations secondary to lower vegetation production (Collopy 1986). 
Although the previous year’s precipitation can influence grassland production in a desert 
ecosystem, the importance of late season precipitation coincides with other findings that current 
year precipitation is important during the brooding period (Wiens et al. 2018).  
The 30-year maximum temperature covariate was important at the 6,400 m scale. 
Although this variable was only moderately valuable in overall importance, it is worth discussing 
briefly. As the temperatures rise in the desert, Golden Eagle home ranges expand especially 
during non-nesting season and years when they chose not to nest (Wichmann et al. 2003, Wiens 
et al. 2018). During times of high temperatures in the desert as resources become scarce 
predators must range further to find prey as well as disperse to seek reprieve from intense heat. 
At a scale of 6,400 m or more, this is an important factor in conservation decision making; 
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whereas, planning for large land use projects such as wind power project, could possibly conflict 
with previous information about the range use of Golden Eagles.  
Least important covariates - Out of the three least important covariates, agriculture, 
developed areas and sage, sage was the only surprise (Fig. 2). The covariates that were 
dominated by human influence such as agriculture and developed areas (6,400 m) were 
optimized at broader scales which coincides with Golden Eagles’ tendency to avoid human 
interactions; whereas, pinyon-juniper and sage woodlands were optimized at a finer scale (400 m 
– 800 m) which corresponds with their main prey base (Lepus spp.) preferred habitat. It has been 
well documented that Golden Eagles avoid agriculture and developed areas; however, sage 
habitat has been documented as a dominant habitat for Golden Eagles in other parts of their west 
North American range (Marzluff et al. 1997, Watson 2010). Domenech et al. (2015) did 
document that Golden Eagles utilized sage habitat during non-nesting season when jackrabbits 
move off the grasslands and into sagebrush cover. Because our data were nest site presence 
points this could explain the lack of importance.  
The size of Golden Eagle territories average varies between 20 to 200 km2 depending on 
region (Watson 2010). In southwestern Idaho, the range was documented from 2 to 83 km2 
during nesting season (Marzluff et al. 1997). The usage of home ranges is nearly unique to each 
nesting pair and each pair adapts ranging behavior based on the association of topography, 
climate and prey availability (Marzluff et al. 1997, Watson 2010). In addition, the size of a home 
range is not necessarily correlated with nesting success rates; success rates are instead associated 
with habitat characteristics and prey availability (Steenhof and Kochert 1982, Marzluff et al. 
1997, Watson 2010). 
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Understanding Golden Eagle habitat and reproductive success can be contingent on 
interpreting their complex and veritable interactions of spatial and environmental habitat 
requirements. The information gleaned from this model can be instrumental in making optimal 
decisions for future conservation of this species as well as other raptor species in the desert 
Southwest. In an ecosystem where precipitation regulates habitat quality, it is fundamental to 
understand for predicting how climate change will alter Golden Eagle populations in the future. 
In the past decades, VPD has increased markedly in the western North America and particularly 
in the Southwest (Seager et al. 2015). Additionally, recognizing that VPD is important to Golden 
Eagle success and by identifying climate patterns that correlate to habitat quality is precursor to 
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Chapter 3: Predicting Golden Eagle (Aquila chrysaetos) nesting productivity in a desert 




Reliable monitoring and accurate assessment of population trends are essential to the 
conservation of raptor species. Golden Eagles are large, long-lived raptors with low reproductive 
rates and do not breed until their fourth or fifth year (Brown and Amadon 1968). All these 
characteristics, coupled with their low density, create difficulty for monitoring schemes to assess 
Golden Eagle population trends. Monitoring individuals that are in low numbers throughout their 
range tend to nest in very remote terrain makes monitoring both time consuming and logistically 
difficult. Historically, the methods used to index the population of Golden Eagles have used the 
migration count site approach for establishing population trends. Migration count sites are 
usually positioned along traditional migration corridors that are leading lines for migrating 
raptors (Farmer et al. 2007). Volunteers typically operate these sites during fall and spring 
migration and as migrating birds fly by the count site, volunteers tally the species and age, if 
possible, of each bird (Dunn et al. 2008). These count tallies are used to determine population 
trends. McIntyre et al. (2008) documented Golden Eagles migrating from interior Alaska using 
pathways that range widely across North America. In addition, migration count sites are not 
practical for assessing non-migratory Golden Eagles in the temperate latitudes.  
Migration count sites and banding although historic, traditional and logistically 
convenient do not provide enough data to assess Golden Eagle population dynamics. Count 
monitoring only detects a decline in the population well after the effect. In addition, often by the 
time a decline in a population is recognized, the prolonged lag time from the undetermined cause 
makes conservation action nearly impossible (Katzner et al. 2007). The number of requests for 
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‘take’ permits, mortality from accidental electrocution and collision with wind power turbines is 
increasing (Boal et al. 2008); therefore, there is an increasing need to assess the status of the 
Golden Eagle population. In order to gain knowledge of Golden Eagle population maintenance 
and persistence, the data collection must be more than counting individuals. 
There is some disparity about the status of Golden Eagle population throughout the 
western United States (Hoffman and Smith 2003, McCaffery and McIntyre 2005, Millsap et al. 
2013, 2016). In 2011, Arizona Game and Fish Department (AZGFD) began nest surveys for cliff 
nesting Golden Eagles throughout the state. In 2013, AZGFD began opportunistically monitoring 
the nesting success of 45 nests. Preliminary survey results of nesting seasons 2011-2016 have 
shown a high (68%) nest failure occurring some time during incubation or early brooding 
(AZGFD unpublished data). In contrast, the nesting seasons 2017 and 2018 showed a 57% 
success rate (AZGFD unpublished data). 
In western North America, a pair of nesting adults may require an average of 22-35 km2 
of habitat to support their reproductive efforts (Marzluff et al. 1997, Watson 2010, Braham et al. 
2015). A complex set of persistence strategies employed by the resident pair within each of those 
territories. Researchers employing monitoring schemes should incorporate all the nest site 
parameters to better direct conservation efforts. The precise choice of nest sites intertwined with 
prey density and environmental factors can determine the fitness of the Golden Eagle thus, 
research parameters and data collection must be established to document ecological behavior that 
will result in reliable conclusions.  
The quality of nesting habitat is an important factor that dictates the productivity of 
Golden Eagles.  Golden Eagles respond to environmental variation synchronously when 
choosing to initiate nest activities (Watson 2010). Studies have shown that Golden Eagles select 
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nest sites based on habitat characteristics such as topography and distance from urbanized 
landscape (Marzluff et al. 1997, Watson 2010) and initiate egg-laying when environmental 
parameters such as high prey density are met (Steenhof et al. 1997, Watson 2010, Schmidt et al. 
2018). Although Golden Eagle nesting success has been well studied, there are limited studies 
that use a multiscale predictive model approach to assess the effects of multiple environmental 
variables on nesting success. The aim of my study was to use a multiscale predictive model 
approach in order to determine which habitat characteristics best lead to successful Golden Eagle 
nesting and to find potential reasons for the high number of early nest failures occurring in 
Arizona.  
2. Methods 
2.1 Study site 
The study site includes all areas of Arizona except for unsurveyed areas on the 
Navajo/Hopi Nations and military installations. (Fig. 1). When calculating the focal mean during 
the sampling process in GIS, which uses a moving window to avoid missing values within the 
search cell while calculating the covariate mean values, I used a 10km buffer outside the state 
boundary with the exception of the southern boundary (Mexico) to prevent buffer issues during 
sampling near the Stateline. Mexico was excluded due to the lack of data within the available 
GIS layer based in the United States. 
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Fig. 1. Study site showing the nest sites (black dots), State of Arizona (green fill) and 
the line displaying the 10 km buffer. 
 
There are three main biogeographic zones in Arizona: (1) a high plateau averaging 
between 1,500m and 2,100m in elevation in the central north and northeast; (2) a mountainous 
region orientated southeast to northwest with maximum elevations between 2,700m and 3,600m; 
and (3) low mountain ranges and desert valley in the central and southwestern portion of the state 





precipitation can be as high as 127 cm annually in the mountainous regions to as low ≤1 cm 
annually in the southwestern valleys. The Arizona desert is unique in that it has two precipitation 
peaks, snowfall during the winter months in northern Arizona and monsoon events beginning in 
July and ending in late September. The highest average temperatures in the southwestern desert 
valleys can reach 49° C during the summer months to the lowest average temperatures at the San 
Francisco Peaks of -13° C during the winter months (PRISM Climate Group 2018). The 
vegetation throughout the state varies greatly based on elevation. The northern portion of the 
state is dominated by ponderosa pine (Pinus ponderosa), piñon pine (Pinus edulis), alligator 
juniper (Juniperus deppeana) and one-seed juniper (Juniperus monosperma); whereas, the 
southern portion is dominated by saguaro cactus (Carnegiea gigantea) cholla 
(Cylindropuntia spp.) and a large variety of sagebrush (Artemisia spp.) (Brown 1994). 
 
2.2 Data Collection 
All nest site location data were obtained from the Arizona Game and Fish Department 
(AZGFD) during surveys conducted between 2011-2018. AZGFD determined suitable cliff nest 
habitat as slopes greater than 40 degrees using ArcMapTM before surveying for potentially new 
nests. Nest focused aerial (helicopter and fixed-wing) surveys were conducted between January 
and July to record data on occupancy status, nest size, condition and to document nest 
productivity and nestling age (McCarty and Jacobson 2011, 2012, McCarty et al. 2013, 2014, 
2015, 2016). AZFGD described occupancy with established terminology (Postupalsky 1974, 
Steenhof and Kochert 1982). 
2.3 Survey methods 
Three separate nest site surveys were separated by at least 30 days with the first survey 
targeting early incubation in late February or early March. These surveys were conducted over a 
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course of several weeks depending on the number of nest sites. The second survey targeting late 
incubation and the nestling stage in late March to early April. Finally, in May to June, a third 
survey via helicopter or fixed-wing aircraft was conducted in order to document productivity of 
active pairs and data on number fledged offspring or to confirm nesting failure (McCarty and 
Jacobson 2011; McCarty et al. 2016). These surveys were conducted over a course of several 
weeks depending on the number of nest sites with active pairs.  
2.4 Data analysis 
The nest success data (presence) points consisted of 65 nest sites that were confirmed 
successful. Presence points (successful) comprised documented nests that had at least one 
nestling that was confirmed to have fledged or reached the age of eight-weeks-old. The nest 
failure data (absence) points consisted of 73 nest sites that were confirmed to have failed with 
spatial duplicated points removed to give one point per location. Nest failure points comprised of 
nests that were used, such as adult incubating or nestling in the nest, that were later confirmed to 
have no successfully fledged young. Six nest sites were duplicated in the dataset due to having 
either successful or failed nesting attempt during more than one nesting season; however, all 
other nest sites were considered not to be spatially autocorrelated due to the distance between 
points was more than 2 km.  
2.5 Habitat and climate covariates 
I used 22 habitat covariates (five climate that were further divided into seasons providing 
14 total, three topographic, three habitat and two human)(Table 1). Climate layers were obtained 
from PRISM Climate Group (PRISM Climate Group 2018). Landscape and environmental layers 
were obtained from LANDFIRE Program (LANDFIRE 2001). All landscape covariates were 
chosen a priori based on established Golden Eagle natural history traits known to positively or 
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negatively influence their nest site choices (Watson 2010). I chose habitat and topographic 
covariates that were likely to positively influence Golden Eagle productivity such as pinyon-
juniper woodlands, riparian and elevation as well as habitat that was likely to negatively 
influence productivity such as agriculture and developed areas. Choosing specific and known 
environmental features that are either associate or not associated with Golden Eagle habitat 
characteristics increased the potential accuracy of the HSM was an important strategy in 
examining predictors as “truth” in response to predicted environmental relationships (Guisan et 
al. 2006). 
LANDFIRE is a freely accessible data source that uses remote sensory satellite imagery 
using Landsat to create landcover data by measuring visible and infrared light reflection. The 
LANDFIRE Program produces national scale vegetation, fuels, fire regimes, and landscape 
disturbance data for the entire U.S. The LANDFIRE (EVT) used for this model comprised of 
landcover using vegetation structure layers that include vegetation percent cover and height 
representing the dominant plant community in the targeted study area. For more detailed 
ecoregion descriptions refer to (NatureServe 2018). I chose this data source because of the broad 
and widely available data offered in 30-pixel resolution as well as regularly updated mapping.  
I chose all the climate data available via PRISM for my main five climate covariates and 
further subdivided them into seasons based on Golden Eagle nesting phenology in Arizona. The 
months of February, March and April were considered early nesting season. During this period 
nesting pairs are egg-laying, incubating and early brooding. The months of May, June and July 
were considered late nesting season. During this period nesting pairs are fully into the nestling 
stage with fledging occurring from mid-June to early July. This period marks the initiation post-
fledging dependence stage in which young and inexperienced Golden Eagles are learning 
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survival strategies. In addition, late nesting season coincides with the beginning of the monsoon 
season in Arizona.  
I selected a number of relevant climate variables to evaluate. These covariates were 
calculated using the 30-year normal dataset (Norm81m) (PRISM Climate Group 2018). Monthly 
30-year “normal” were developed using the averages for the climatological period 1981-2010 
using a spatially gridded average annual climate covariate at 4km grid cell resolution. I chose 
PRISM as my source of climate data due its freely accessible databases and its dominance in 
various climate literature.   
Covariate 




Monthly 30-year “normal” averaged over 
the period 1981- 2010. (30m resolution) 
 
Climate PRISM 
30 Year Maximum 
Temperature 
(30tmax) 
Monthly 30-year “normal” averaged over 
the period 1981- 2010. (30m resolution) Climate PRISM 
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Temperature 
(30tmin) 
Monthly 30-year “normal” averaged over 
the period 1981- 2010. (30m resolution) Climate PRISM 




Monthly 30-year “normal” averaged over 





Maximum VPD for the months of 







Minimum VPD for the months of 
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June and July (30m resolution) Climate PRISM 
Late nesting 
Minimum Vapor 
Minimum VPD for the months of May, 








Maximum daily temperature for the 
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Minimum daily temperature for the 
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Monthly precipitation for the months of 





Monthly precipitation for the months of 
May, June and July 
(30m resolution) 
Climate PRISM 
Aspect Azimuth of the sloped surfaces across a landscape Topographic LANDFIRE 
DEM (DEMM) Land height (m) above mean sea level Topographic PRISM 
Slope Change of elevation over a specific area Topographic LANDFIRE 
Agriculture (Agri) Composition of vegetation currently present Human LANDFIRE 
Riparian (Riprn) 
Composition of western riparian 





Composition of pinyon-juniper woodland 
currently present Habitat LANDFIRE 
Sage Composition of big sagebrush shrubland and steppe currently present Habitat LANDFIRE 
Developed Areas 
(Devpd) 
Composition of human development 
currently present Human LANDFIRE 
Table 1. All covariates entered into Random Forests for the initial Golden Eagle 




2.6 Data processing  
Nest site locations were incorporated into Geographic Information System (GIS) software 
ArcGISTM version 10.4. All habitat and topographic covariate raster data were originally in a 
resolution of 30 m and climate covariate raster data were in a resolution of 800 m. I resampled 
all the layers to a resolution of 30 m in NAD 1983 UTM zone 12. Landscape covariates were 
created using binary maps of corresponding landscape type by classification using LANDFIRE 
Existing Vegetation Type layer (LANDFIRE 2001). The aspect layer was originally represented 
in degree (i.e., 0° to 360°). I cosine transformed the layer such that it had a value between -1 and 
1. Positive values indicate north-facing slopes, and negative values indicate south-facing slopes. 
Random Forests – To model Golden Eagle productivity I used the randomForests 
package in R statistical software to predict suitable habitat throughout the state of Arizona (Liaw 
and Wiener 2002, R Development Core Team 2014). Random Forests is a strong classifier and 
by growing many decision trees using random “votes” of independent variables at each node 
allows it to outperform most other methods such as logistic regression in its ability to overcome 
statistical issues typical of complex ecological data (Brieman 2001). The resulting trees produced 
in Random Forests are more accurate than those produced by a single tree. Using the Random 
Forests method provides protection against overfitting and sensitivity to collinearity issues that is 
typical in other logistical regression methods and does not require large sample sizes when using 
a large number of predictors to avoid overfitting (Brieman 2001). In addition, Random Forests 
does not require a specific distribution to be defined, unlike with logistic regression which has 
distributional assumptions (Evans et al. 2010). Finally, Random Forests is the method of choice 
when dealing with highly correlated data with many interactions and a small sample size 
(McGarigal et al. 2016b). 
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Random Forests does not require sub-setting for training and testing datasets (Evans and 
Cushman 2009). Instead Random Forests uses an Out Of Bag (OOB) technique unique to 
machine learning. Random Forests holds at least 63% of the data as training data and tests the 
rest of the data against the training producing an error rate. When the testing data accurately 
delineates the absence and absence points compared to the training data, a low OOB error rate is 
produced. The output for Random Forests is metrics that rank predictor variables in order of 
importance based on the number of times a given metric decreased mean squared error (MSE). 
Because the trees are grown randomly there is no numerical metric instead variable importance is 
assessed by ranking when randomly permuted values of one predictor across all trees and 
estimates the accuracy decrease of prediction in the forest (Brieman 2001). Random Forests 
produces maps that are more heterogenous than those of other methods such logistic regression 
(Hernandez et al. 2006). 
2.7 Scaling 
To find the scale at which each predictor covariate was most associated with the nesting 
of Golden Eagle, I executed Random Forests in R as a regression with these parameters: 2,000 
trees (number of bootstrap repetitions) for five scales (400 m, 800 m, 1,600 m, 3,200 m, 6,400 m 
radii) for each of the covariates individually. Prior to the actual runs, I conducted multiple pilot 
runs with 10,000 trees and with different variables, and determined that the accuracy did not 
improve after ~500 trees. However, I opted to use 2,000 trees just to be conservative. I chose the 
scale with the lowest out of bag error (OOB) for my main habitat suitability model. When the 
OOB was tied, I chose the scale with the highest mean decrease accuracy score. This was 
repeated for all 22 predictor covariates and compiled into one database.  
2.8 Random Forests 
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To model Golden Eagle productivity I used the randomForests package in R statistical 
software to predict suitable habitat throughout the state of Arizona (Liaw and Wiener 2002, R 
Development Core Team 2014). Random Forests is a strong classifier and by growing many 
decision trees using random “votes” of independent variables at each node allows it to 
outperform most other methods such as logistic regression in its ability to overcome statistical 
issues typical of complex ecological data. The resulting trees produced in Random Forests are 
more accurate than those produced by a single tree. Using the Random Forests method provides 
protection against overfitting and sensitivity to collinearity issues that is typical in other 
logistical regression methods and does not require large sample sizes when using a large number 
of predictors to avoid overfitting (Brieman 2001). In addition, Random Forests does not require a 
specific distribution to be defined, unlike with logistic regression which has distributional 
assumptions (Evans et al. 2010). Finally, Random Forests is the method of choice when dealing 
with highly correlated data with many interactions and a small sample size (McGarigal et al. 
2016b). 
Random Forests does not require sub-setting for training and testing datasets (Evans and 
Cushman 2009). The output for Random Forests is metrics that rank predictor variables in order 
of importance based on the number of times a given metric decreased mean squared error (MSE). 
Because the trees are grown randomly there is no numerical metric instead variable importance is 
assessed by ranking when randomly permuted values of one predictor across all trees and 
estimates the accuracy decrease of prediction in the forest (Brieman 2001). Random Forests 
produces maps that are more heterogenous than those of other methods such logistic regression 
(Hernandez et al. 2006).  
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2.9 Multicollinearity test  
             I tested for multicollinearity using a p-value of .05 coefficient among the 22 covariates 
which resulted in these seven covariates being removed: 30-year minimum temperature, 30-year 
maximum Vapor Pressure Deficit (VPD), early and late nesting maximum and minimum 
temperature and late nesting maximum VPD. There were 15 covariates used in the final model 
(Table 2). 
Covariate (Abbreviation) Scale (m) 
30-year minimum VPD (mVPD) 800 
30-year minimum maximum temperature 
(tmin) 800 
Agriculture (Agri) 3200 
Early nesting minimum VPD (AmVPD) 1600 
Early nesting precipitation (APTT) 6400 
Aspect (Aspect) 6400 
Early nesting maximum VPD (AxVPD) 6400 
Late nesting minimum VPD (BmVPD) 800 
Late nesting minimum precipitation (BPTT) 3200 
DEM (DEMM) 3200 
Developed areas (Devpd) 6400 
Pinyon-Juniper woodlands (PJun) 1600 
Riparian woodlands (Riprn) 1600 
Sagebrush shrubland (Sage) 1600 
Slope (Slope) 800 
Table 2. Fifteen covariates entered into the final Random Forests productivity 
predication model after testing for multilinearity. 
2.10 Productivity prediction model 
            To build the final productivity model, I executed Random Forests in R with the 
remaining covariates using these parameters: 2,000 trees and 10 mtry. I conducted a cross-
validation to evaluate the performance of the model using rf.crossValidation function in the 
rfUtilities package in R (Evans and Murphy 2018). The cross-validation produces a suite of 
model performance metrics, including users and producers accuracies, Kappa statistics, and 
cross-validated OOB error rate. I calculated the scaled variable importance and generated partial 
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dependence plots to determine the relationship between the range of a given variable and the 
estimated probability distribution. Finally, I applied the model and created a predictive map 
showing the estimated productivity for the Golden Eagle across the entire study area. 
3. Results 
3.1 Optimized scales  
The univariate scaling analysis of all covariates revealed ecologically relevant insights 
into how Golden Eagles respond spatially to certain environment and climate covariates (Table 
3). The climate covariates showed a majority of the optimized scales at the broader scales (1600 
m – 6400 m) during the early nesting season and a finer scale (400 m - 3200 m) during the late 
nesting season. The composition and topographic covariates ranged widely (400 m – 6400 m) 
with natural land cover falling under the 1600 m scale and human habitat (development and 
agriculture) optimizing at broad scale.  
Variable Scale 400 Scale 800 Scale 1600 Scale 3200 Scale 6400 
30mVPD 44.9 44.9 51.5 45.7 48.6 
30tmax 47.1 50.0 45.7 42.0 44.9 
30tmin 44.9 44.9 49.3 46.4 49.3 
30xVPD 50.7 47.1 43.5 47.8 47.8 
AGRI NA 46.7 46.4 45.7 79.0 
AmVPD 47.1 44.9 31.9 40.6 36.2 
APTT 42.0 42.8 50.7 46.4 34.1 
ASPECT 53.6 45.7 49.3 47.1 34.8 
Atmax 47.8 46.4 42.0 42.0 37.0 
Atmin 45.7 39.9 39.1 39.9 50.0 
AxVPD 44.2 44.9 45.7 39.9 38.4 
BmVPD 39.9 38.4 42.8 42.0 42.0 
BPTT 47.1 44.2 44.9 39.9 43.5 
Btmax 42.8 47.8 50.0 45.7 47.1 
Btmin 35.5 34.1 37.0 40.6 47.1 
BxVPD 39.9 45.7 49.3 40.6 46.4 
DEVPD NA 45.7 48.6 48.6 44.2 
PJUN 63.8 70.3 32.6 47.8 47.1 
RIPRN 47.8 46.4 42.0 51.5 42.8 
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SAGE 48.6 50.0 46.4 49.3 47.1 
DEM 47.1 44.9 50.0 39.1 42.0 
SLOPE 49.3 37.0 42.0 44.2 52.9 
Table 3. Results of scale error rate for each covariate. The lowest error rate (dark shaded 
values) was the optimized scale used in the multi-scale model. Light shaded covariates were 
removed due to multicollinearity. 
3.2 Multi-scale Model 
The final model consisted of 15 covariates (Table 2). Climate (4) and topographic (1) 
were the top five important variables with the first four being climate. Early nesting season 
(February, March, April) minimum vapor pressure deficit (AmVPD) was the most important 
variable (Table 4).  
Variable Importance Rankings (Abbreviation) Mean Decrease Accuracy Score 
Early nesting Minimum Vapor Pressure Deficit 
(AmVPD) 1 
30-year Minimum Vapor Pressure Deficit (mVPD) 0.7 
Late nesting Precipitation (BPTT) 0.638 




Early nesting Precipitation (APTT) 0.3 
30-year Maximum Temperature (tmax) 0.28 
Early nesting Minimum Temperature (Atmin) 0.223 
Slope 0.22 
Pinyon-Juniper Woodlands (Pjun) 0.2 
Developed Areas (Devpd) 0.12 
Riparian Habitat (Riprn) 0.1 
Agriculture (Agri) 0.01 
Sage Habitat (Sage) -0.03 
Table 4. The results of the covariate importance ranking produced in Random Forests. 
Minimum VPD during early nesting season was the most important. Sage habitat was the 
least important.  
66  
The partial dependency plot showed a nearly 100% probability with a minimum VPD 
value of 1hPa with minimal variability during early nesting season (Feb., March, April) (Fig. 2a). 
The second important variable was the 30-year minimum VPD (mVPD) and showed a nearly 
100% probability with a VPD value of 5hPa (Fig. 2b).  The third important variable was late 
nesting season (May, June, July) precipitation and showed a nearly 100% probability in the 30-
35mm range (Fig. 2c). The fourth important variable was late nesting season (May, June, July) 
minimum VPD (BmVPD) and showed a probability above 90%  with a VPD value of 35hPa and 
a nearly 100% probability at 60hPa (Fig. 2d).  
 
Fig. 2a-d. Partial dependency plots for the top four most important covariates for 




Early nesting season minimum VPD (A) was the first, 30-year minimum VPD (B) 
was second, late nesting season precipitation (C) and late nesting minimum VPD (D) 
was the most important covariate for predicting successful Golden Eagle nesting in 
Arizona.  
The only topographic variable in the top five was aspect with a bimodal response. The 
aspect showed a nearly 100% probability at a southwest aspect and 90% probability at a 
northeast aspect (Fig. 3). The five least important variables were, pinyon-juniper, developed 
areas, riparian, agriculture and sage (Table 2).  
 
Fig. 3. Partial dependency plot for the fifth most important and only  
non-climate covariate in the Random Forests model predicting successful 
Golden Eagle nesting.  
The multi-scale model had a low predictive performance with an Accuracy (PCC) of 60% 
and Cohen’s Kappa of 0.20 (values < 0 indicate no agreement, 0 – 0.20 as slight, 0.21– 0.40 as 
fair, 0.41 – 0.60 as moderate, 0.61 – 0.80 as substantial, and 0.81 – 1 as almost perfect 
agreement). The Matthew’s correlation coefficient was 0.20 and the F-score was 0.64. The 






Cross-validated OOB Rate .37 
Accuracy (PCC) 60 
Cohen’s Kappa 0.20 




ROC Curve 0.63 
     Table 5. Random Forests model performance metrics results using  
     cross-validation function in the Utilities package in R.   
The multidimensional scaling plot (MDS) showed no discernible partitioning among the 
presence points and absence points (Fig.4).  
69  
 
Fig. 4. Multidimensional scaling plot (MDS) displaying no segregation between the 
successful and unsuccessful Golden Eagle nesting pairs in Arizona.  




Fig. 5. Multi-scale productivity prediction map created using the Random 
Forests model.  
 
4. Discussion  
 Although the model predicted Golden Eagle nesting success only 10% better than by 
chance (50/50), it did reveal specific knowledge gaps and provided some guidance for refining 
the model in the future. According to this model, climate covariates associating to water content 
presented an important role in nesting success. In a desert ecosystem, this was not unexpected for 
a species that relies on prey that acquires their hydration from the water content from consumed 
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vegetation. VPD traces seasonal cycles with minimum values in the winter and maximum values 
in the summer as well as useful in measuring the water stress on vegetation (Seager et al. 2015). 
During the early nesting season (February, March, April), the VPD is at its lowest level and the 
air is nearly saturated with water, this is important for maximum vegetation health and 
availability for jackrabbits (Lepus spp.); the preferred prey of Arizona Golden Eagles (Losee et 
al. 2013). The early nesting period precedes an energy intensive time for nesting pairs that have 
growing nestlings during the months of April, May and June; therefore, facilitating a best-case 
scenario for high jackrabbit density. During the summer months the extreme heat and higher 
VPD exert considerable water stress on vegetation by drying out the soil and the plants 
experience excessive transpiration (Seager et al. 2015). The prey species that depend upon 
vegetation for food and hydration can decrease in numbers during periods of drought, possibly 
affecting the productivity of nesting Golden Eagles as a result of lower prey availability. The 
Southwest has been experiencing strong trends of increasing VPD during the spring and summer 
months secondary to the increase greenhouse gases being emitted into the atmosphere (Seager et 
al. 2015). This trend could prove detrimental to Golden Eagles in the Southwest region of the 
United States especially during La Niña conditions that increase VPD during the months 
September thru March (Seager et al. 2015).  
 The importance of VPD during early nesting season ties in the third variable of late 
nesting season precipitation (Table 2). A majority of the Arizona deserts are unique in that it has 
two precipitation peaks with snowfall occurring during the winter months in the mountains and 
rainfall due to monsoon events occurring from June to October. The monsoon season in Arizona 
is vital to the desert ecosystem in which a majority of the annual precipitation is gained during 
this time. The quality of the monsoon season sets the stage for the upcoming nesting season and 
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dictates the density of prey species such as jackrabbits. Golden Eagle productivity is tied to the 
abundance of its principal prey and the decision whether the pair will choose to nest. In addition, 
as inexperienced fledglings begin their post-fledgling dependence period their survival is 
dependent upon a high number of prey species (McIntyre et al. 2008). 
According to the current model, topography was not a considerable factor in Golden 
Eagle nesting success; or, at least the topographic covariates I chose. The one exception was 
aspect as the fifth important variable. The aspect variable showed a bimodal response with 
northeast and northwest at a 6400 m scale for success (Fig. 5). This finding was somewhat 
different than other species distribution models in locations such as in Sweden, a southwestern 
aspect was preferred as well as a western aspect was preferred in central Montana (Crandall et al. 
2015, Singh et al. 2016). In Arizona, a Golden Eagle habitat suitability model showed the 
predominant aspect (.25 radians) was northeast (AZGFD unpublished data). The prevailing 
winds throughout Arizona vary during nesting season; however, a majority of the northern part 
of the state has a prevailing wind from the southwest (Western Regional Climate Center 2002).  
During the later months of the nesting season, an aspect (NE) that faces away from the grueling 
afternoon heat of Arizona might prevent exposure to high levels of solar radiation. An aspect of 
(NW) would be subjected to the afternoon sun to a certain extent; however, it is possible that 
these nest sites have sufficient shading from nearby shrubs or located in higher elevation in 
which warming afternoon sun provides warmth in cooler climates that would benefit young 
nestlings with minimal down feathers and lower ability to thermoregulate.  
 A habitat suitability model of Golden Eagles in Arizona showed that slope between 20º-
30° at a spatial scale of 800 m and a northeastern aspect at a spatial scale of 1600 m were the two 
most important variables (Losee, unpublished). This implies that topography is important to 
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Golden Eagle productivity; however, these variables are not solely responsible for successful 
reproduction. These two topographic variables may lay a solid foundation for successful Golden 
Eagle reproduction nonetheless a complex arrangement of unknown climate, habitat and human 
interference covariates facilitates success beyond topographical features.  
 The five least important variables were all landcover (Table 4). Golden Eagles tend to 
avoid human development and agriculture; therefore, it was not surprising that these two 
covariates were ranked as unimportant (McIntyre 2004, Watson 2010). In contrast, some studies 
have shown that riparian habitat was consistently a feature in Golden Eagle territory (McIntyre 
2004, Watson 2010); however, the disparity could be that Golden Eagles in a desert ecosystem 
do not have the same opportunity for the inclusion of riparian habitat in their territory as those in 
riparian-rich regions. In addition, Arizona’s Golden Eagles prey on medium-sized mammals that 
do not require access to water and obtain hydration from the vegetation in their diets; therefore, 
riparian habitat may not be necessary for desert Golden Eagles. What did come as a surprise was 
the low importance of sage and pinyon-juniper habitat. It is well documented that Golden Eagles 
typically choose territories that contain these characteristics (Marzluff et al. 1997, Watson 2010). 
Domenech et al. (2015) documented that Golden Eagles utilized sage habitat during non-nesting 
season when jackrabbits move off the grasslands and into sagebrush cover. Because my data 
were presence points during active nesting seasons this could explain the lack of importance. 
5. Future Research 
 Future actions to improve the model include increasing the number of nest sites and 
refine the choice of covariates to add to the model. I intend on adding ruggedness index the suite 
of topography covariates already in place. Numerous studies have shown that ruggedness index 
to be an especially important characteristic for Golden Eagle habitat suitability (McIntyre 2004, 
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Watson 2010, Crandall et al. 2015). I hypothesize that the covariates that would improve the 
model would have human governed qualities. I plan to add distances to roads including off-road 
recreational vehicle trails. Another human aspect to consider is elemental mining activity. A 
finer climate scale temporally could be beneficial in order to narrow down the role that climate 
plays in Golden Eagle nesting success. I plan to focus climate predictors to the year before 
nesting seasons and a current year nesting season as well as maintaining the seasons as done in 
this study.  
A more predictive model would be beneficial in pinpointing an affected area(s) (high fail 
rates) in order to better focus utilized research study resources. In addition, if climate covariates 
show to be better predictors than human or habitat covariates, preservation of ideal Hares (Lepus 
spp.) habitat during periods of extreme climate events such as drought can be provided with 
more specific climate indices knowing the impact on Golden Eagle productivity. Currently, the 
western United States is undergoing droughts and heat extremes as well as record wildland fires; 
therefore, these pressures could exacerbate the problem of limited resources in a desert 
ecosystem with continued environmental climate change (Seager et al. 2015). The Golden Eagle 
is an iconic symbol of the American West and is primed to be the ideal umbrella species to spur 
better policy and societal behaviors.   
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Chapter 4: Consideration for future research and conservation implications 
Golden Eagles that make Arizona their home not only deploy distinctive survival 
strategies but face unique conservation concerns as well. Arizona’s environmental characteristics 
offer individual opportunities for fitness strategies due to its extreme gradients of elevation and 
climate. Furthermore, Arizona has a proportionately higher amount of land owned by 
public/governmental agencies than many other states and it is home to numerous elemental 
mining claims such as uranium and copper. These collective features lend themselves to land 
uses that potentially impact Golden Eagle habitat and survival.  
Direct causes of Mortality - In raptor population dynamics, examining mortality is 
essential in understanding recruitment and determining potential vulnerabilities (Newton 2010). 
This is particularly important in studying Golden Eagles because they are slow to mature and 
often do not reproduce until their fourth or fifth year; therefore, survival rate to breeding age is 
an important contributor to population recruitment. Although mortality plays a vital role in eagle 
fitness, it is often difficult to assemble the data necessary and results are usually biased towards 
human influences (Newton 2010).  
The maximum life expectancy of Golden Eagles is 40 years in captivity and usually half 
that in the wild; however, there has been a few documented individuals living more than 30 years 
in North America and Scotland (Watson 2010, Schmidt 2014). The average life span appears to 
be regionally specific; individuals in western Scotland can live nearly twice as long as those in 
Germany or California (Watson 2010). The mortality rate appears to be a factor of region and 
migratory behavior as well. In North America, the migratory population originating from central 
Alaska showed a higher mortality rate (77%) than the individuals that dispersed locally 
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(McIntyre 2004, Watson 2010).  
The causes of direct mortality are typically a factor of regional culture and/or human 
density. In Scotland, Golden Eagles are more likely to be poisoned deliberately by game keepers 
than the North American population; whereas, accidental electrocutions are more likely in 
western North America (Watson 2010). In Arizona, some counties have seen the human 
population grow between 100 to 500% since 1970 (Karl et al. 2009). This extreme and rapid 
population growth is distinctive to the entire southwest portion of the United States. In turn, an 
increase in human population generates an increase of direct Golden Eagle encounter with 
manmade structures and vehicles. In addition, Golden Eagles are subjected to Native Americans’ 
request for ‘take’ permits for religious practice. AZGFD has seen an increase in requests for 
these permits, which became their central reason for the initiation of the surveys beginning in 
2011 (K. Jacobson, personal communication). Juveniles and young adults often die due to lack of 
life experience and succumb to starvation; however, this lack of experience also allows the 
young individual to ‘get themselves into trouble’ more so than adults. 
Historically, the major cause of Golden Eagle mortality in the United States is 
electrocution (Russell and Franson 2014). While this could be the case, the data could have been 
biased due to the higher probability of the public and power line workers discovering carcasses 
under power structures than those that went undiscovered by other causes such as indiscriminate 
pest control poisons. Across the period of a decade (1985-1995), 144 known pesticide-related 
Golden Eagle deaths in the United States, 87% were the result of pesticide abuses (the intentional 
overuse of a pesticide) and 13% were caused by unknown pesticide uses Mineau et al. (1999). In 
addition, 25 years after the banning of dichlorodiphenyltrichloroethane (DDT), 1,1-Dichloro-2,2-
bis(p-chlorophenyl) ethylene (DDE), a breakdown product of DDT, was found in 48% of eagles 
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(n=86) trapped during migration in Montana (Harmata and Restani 1995). Due to the 
physiologically lethal manner of insecticides and rodenticides, unintended targets ingest or 
absorb the toxin and die later, going unnoticed by humans; therefore, it is likely these deaths are 
not well represented in the data. In the case of DDT, it was not until after decades of use, the 
extreme decline of Bald Eagles (Haliaeetus leucocephalus), Peregrine Falcon (Falco peregrinus) 
and the Osprey (Pandion haliaetus) did its toxicity become center stage. 
            Although indiscriminate poisoning is likely a problem for Golden Eagles in Arizona, a 
more unique conservation concern is uranium mining. Northern Arizona has some of the highest 
quality deposits of uranium mining in the United States which, even without active mining, pose 
an environmental hazard to the watersheds (Bills et al. 2011). Recently, the United States 
Geological Survey (USGS) sampled water sources at five mining sites throughout northern 
Arizona and found that all sites had elevated radioactive levels (Bills et al. 2011). Water sources 
contaminated by mining activity, past or present, are a potential source of direct mortality as well 
as a source of indirect mortality via higher prey mortality.  
 Golden Eagles are opportunistic and will feed on carrion especially during winter months 
when prey is not available. Unrecovered game animals shot by hunters using jacketed and 
unjacketed lead bullets and their remaining gut piles leave Golden Eagles vulnerable to lead 
toxicity. In Montana, nearly 60% of fall migrants had elevated lead blood levels (Domenech et 
al. 2015). Direct persecution by human, rather by deliberant killing or accidental disturbance, is a 
major conservation obstacle in Golden Eagles around the world. In recent years, it has become 
evident that landscape uses and habitat changes are an increasing threat. Eagles hold large 
territories for up to nine years and some over many generations (Steenhof et al. 1984). 
Determining the spatial requirements for a nesting pair can be useful in terms of urban 
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development and energy resource development. This strategy is an important variable to 
document due to the size of habitat required to maintain alternative nests that can be miles apart. 
Monitoring schemes should incorporate all the nest site parameters to better direct conservation 
efforts. If nesting Golden Eagles do not have the habitat requirements for ideal nest site selection 
and the ability to relocate to an alternate nest if anthropogenic or climate conditions dictate, 
nesting productivity could negatively affect the population. 
Indirect causes of Mortality –  Golden Eagles prefer to nest far from urban development 
(Kochert et al. 1999, McIntyre 2004, Watson 2010). Urban development advances and land use 
changes further decrease the availability of preferred nest site locations. In Scotland, Watson 
(2010) documented that nest sites considered to be easily accessible to human disturbance had a 
20% higher nesting failure than those nest sites considered more difficult to access. North of the 
Grand Canyon is a network of a high density of unpaved roads used for recreation and/or remote 
travel (personal observation). In Arizona, the tourist industry and number of outdoor enthusiasts 
likely increase the number of unintentional disturbances for nesting pairs.  
Habitat loss and land use can have an impact on nest site availability and suitability as 
well as affect the habitat of their prey. In Scotland, afforestation is having a negative impact on 
Golden Eagles by reducing open spaces necessary for successful foraging (Whitfield et al. 2007). 
A study in Spain showed that Golden Eagles tend to occur less near agricultural lands; therefore, 
planning large scale agricultural projects need deep consideration (Lopez-Lopez et al. 2007). In 
western North America, the primary prey species are jackrabbits (Lepus spp.) thereby requiring 
habitat that provides food sources and cover from predators. Further urbanization not only limits 
suitable nesting sites but also affects potential resources for Golden Eagle prey. 
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Wind Power - The demand for clean energy is increasing and the placement of wind 
power projects is generally in habitat that attracts raptors due to the environmental factors that 
are favorable to both wind power and soaring raptors. The Altamont Pass Wind Resource Area in 
northern California, recorded the most fatalities of the wind farms, is responsible for killing 
approximately 10 to 67 Golden Eagles per year (Smallwood and Thelander 2008, Watson 2010, 
Pinger 2013). The placement of wind turbines has taken bird and bat mortality into consideration 
in recent years; however, the habitat destruction and constant human activity while building and 
maintaining these turbines remains troublesome to Golden Eagles. Presently, there are studies 
revealing how Golden Eagles utilize topography and orographic features as well as 
demonstrating risk to eagle along migratory routes (Katzner et al. 2012, Miller et al. 2014).  
 Currently in Arizona, there are numerous proposals for the construction of wind and solar 
power projects within documented active Golden Eagle nesting territories throughout Arizona 
(BLM, 2013). One wind energy project that has gained approval for construction, the Mohave 
County Wind Project, is located in Mohave County in the White Hills 40 miles northwest of 
Kingman, AZ and nine miles south of the Colorado River. The Project will include 283 turbines, 
access roads and support facilities on 47,000 acres of Federal land. This project is in close 
proximity to numerous Golden Eagle nest sites. Although the environmental assessment states 
they are providing reprieve from turbine operations 1.5 miles from active nest sites during 
nesting season, this is not enough spatial allowance based on documented territory size of 
nesting pairs (Marzluff et al. 1997, Watson 2010). In addition, bonded pairs maintain their nests 
year round; therefore, curtailing during nesting season only is not an effective mitigation 
(Watson 2010, BLM 2013). More meaningful assessments based on the documented natural 
history of Arizona’s Golden Eagles must take place.  
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Global Environmental Change - It is well documented that the environment is changing 
on a global scale (Karl et al. 2009). In some areas of the globe, climate is fluctuating as colder or 
warmer, but the overall trend is the Earth is warmer as a whole due to increasing heat trapping 
greenhouse gases. The United States is 2° F warmer than it was 50 years ago. In addition, the 
North has increasing precipitation while the West has become drier (Karl et al. 2009). Along 
with the changing environment, changing reproductive and migratory phenology in some species 
of birds as well as other wildlife species has been documented (Harrington et al. 1999, Crick 
2004, Doxa et al. 2012). Studies examining environmental change on raptors in western North 
America are important for understanding the impact on Golden Eagles.  One study in Idaho 
documented weather factors such as wetter and colder winters decrease Golden Eagle 
reproduction rates (Steenhof et al. 1997).  
The southwest United States is predicted to become 2° F warmer over the next 20 years. 
In addition to increasing average temperatures, by 2080, Arizona is predicted to experience 
extreme heat episodes on an annual basis, something that presently occurs only every 20 years 
(Karl et al. 2009). Furthermore, northern and central Arizona are currently undergoing 
snowmelts 20 days earlier than 50 years ago with a 30% decrease in water runoff over the next 
30 to 60 years projected (Karl et al. 2009). The lack of water runoff and earlier snowmelt 
compounds the effects of drought. In Arizona, these conditions will decrease ground water levels 
significantly; in turn, this will affect the Golden Eagle prey base. 
Over the last 50 years, some areas of Arizona have experienced a 5% to 40% decrease in 
precipitation, with the northwest corner showing a significant trend in increasing drought 
conditions (Karl et al. 2009). Although the Southwest has shown an increase in drought, the 
extents of heavy precipitation days have increased 16% over the same past 50 years (Karl et al. 
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2009). In South Africa, a study simulated a decrease in Tawny Eagle (Aquila rapax) persistence 
and a higher risk of extinction with just a 10% decrease in precipitation over next 50 years 
(Wichmann et al. 2003). In addition to overall annual precipitation changes, simulated models 
predict changes among seasons with drier winter and spring seasons and slightly wetter summer 
and fall seasons in Arizona (Karl et al. 2009). Rainfall has been documented to be positively 
correlated with Lesser Kestrel reproductive success in Spain (Rodríguez and Bustamante 2003). 
In addition, seasonal amounts of rainfall affect occupancy, body condition during incubation and 
reproduction as well as wetter winters and drier summers increased nesting success (Rodríguez 
and Bustamante 2003).  
In recent decades, the combination of drought and higher temperatures has increased the 
size and frequency of wildland fires four times in western North America (Karl et al. 2009). 
Increased size and frequency of wildland fires affect Golden Eagles mainly through the 
destruction of their prey’s habitat. There are few studies examining the effects of wildland fire on 
Golden Eagles; however, in southwest Idaho Kochert et al. (1999) documented that in 
extensively burned areas, it took eight to eleven years for nesting productivity to recover. Those 
pairs that had an alternative nest site available did not experience any change in productivity 
(Steenhof et al. 1997). This demonstrates the importance of protecting nesting territories in their 
entirety. In the Southwest, desertification is occurring and projected to increase over the next 
century as temperatures rise and drought increases. These factors will increase Arizona’s 
incidents of wildland fires, soil erosion and invasive plants (Karl et al. 2009). 
Environmental change has demonstrated an increase in disease and health issues. There is 
evidence that a mutated West Nile Virus responds positively to higher temperatures and cases of 
the human population infected with the virus is highest in the Southwest (Karl et al. 2009). In 
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addition, as heat waves persist, the warm air becomes stagnant. In the last 60 years, there has 
been a 25% increase in stagnate air in Arizona (Karl et al. 2009). The combination of drought, 
higher temperatures and stagnant air results in poor air quality. The avian respiratory system is 
complex and susceptible to toxic gas uptake into the bloodstream at a greater level than 
mammalian species (Brown et al. 1997). In addition, potential toxic air quality could impact the 
gas uptake by avian embryos and affect eggshell thickness (Brown et al. 1997). 
In Arizona, some negative environmental phenomena such as drought and wildland fires 
are already changing ecosystems as well as habitat destruction that is expected to increase over 
the next few decades. According to the U.S. Census, the overall human population in areas near 
Mohave County, an area of high density Golden Eagle nests, has grown greater than 500% in the 
last 40 years (Karl et al. 2009). As human population and urbanization increases, the demand for 
water and energy is also projected to increase; thereby, potentially impacting the quality of 
habitat for Golden Eagles.  
  The Golden Eagle does not enjoy the same research attention afforded to the Bald Eagle 
(Haliaeetus leucocephalus). The Bald Eagle is one of the most well studied birds in North 
America yet, still very little is known about our other eagle. Fortunately, all indications show in 
recent literature that is changing but there is much work to be done. Conservation and policy 
planning must encompass an all-inclusive and multidimensional collection of data that addresses 
the species as a whole and goes beyond basic land management.   
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PREY CHOICE FOR ARIZONA’S GOLDEN EAGLES: A BRIEF EXAMINATION 
Golden Eagles generally prey on small to medium sized mammals such as jackrabbits 
(Lepus spp.) and ground squirrels (Otospermophilus spp.) but depend on carrion as well (Watson 
2010). Research of hunting Golden Eagles, prey dynamics and the effect prey has on 
productivity remains minimal though the call for such research has increased (Bedrosian et al. 
2017). Determining Golden Eagle diet and prey preference using several methods such as pellet 
analysis and prey remains is documented; however, the importance of some prey species are still 
underestimated (Watson and Langslow 1989). Golden Eagle prey dynamics can be difficult to 
quantify because prey preferences vary between seasons as well as between years (Olendorf 
1976, Kochert 1980, Watson and Langslow 1989).  
Based on prey remains collected at nest sites in their most northern Alaskan range, Arctic 
Ground Squirrels (Spermophilus undulatus) constituted 80% of Golden Eagle prey mostly 
because that is the most available prey during the nesting season (Young et al. 1995). During 
early nesting season, Snowshoe Hare (Lepus americanus) and Willow Ptarmigan (Lagopus 
lagopus) are the typical prey base and exhibit large-amplitude population cycles in central 
Alaska. Because ground squirrels and marmots are obligate hibernators and do not emerge from 
hibernation until late in nesting season, the cyclic availability of the Snowshoe Hare and 
Ptarmigan is correlated with reproductive success. Thus, reproductive productivity tends to be 
lower in the high latitude regions of North America than temperate regions (McIntyre and 
Adams 1999). Generally described as opportunistic and a generalist Golden Eagles nesting in the 
temperate climate of western North America prey mainly on medium-sized mammals hares 
(Lepus spp.), rabbits (Sylvilagus spp.), ground squirrels (Spermophilus spp.), prairie dogs 
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(Cynomys spp.) and marmots (Marmota spp.) and varies by region (Olendorf 1976, Poole and 
Bromley 1988).  
Golden Eagles require open spaces for maneuverability while pursuing prey; therefore, 
may need to travel considerable distances from their nest sites to preferred hunting grounds. For 
this reason, it is important to investigate prey accessibility along with availability. Prey 
abundance studies are valuable; however, do not document prey items actually accessible to 
Golden Eagles and quantify their success at obtaining their chosen prey base. Golden Eagles 
choose to nest (not where) based on prey abundance (Watson 2010); therefore, it is important to 
understand Golden Eagle prey dynamics and hunting strategies that are important for nesting 
success. The aim for this study was to quantify prey choice and availability for Golden Eagles 
nesting in northern Arizona during the nesting season. 
STUDY AREA AND METHODS 
During the 2013 nesting season in northern Arizona (Yavapai, Coconino and Navajo 
Counties), six nests were entered by rappelling into active nests near the end of the nesting 
season in order to collect prey remains and fit nestlings with transmitters. At the time of 
collection, the nestlings were approximately seven to eight weeks old. All prey remains were 
organized by nest site. Prey remains were identified from each nest site by at least genus (with 
the exception of duck prey) and the number of individuals within each species. The percentage of 
each species for all six nests was calculated from the total number of species for each nest site.  
RESULTS 
The number of individual prey items for each nest ranged from 3 to 29 with the number of 
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different species ranging from 2 to 6 in each nest (Table 1). The black-tailed jackrabbit (Lepus 
californicus) was the only prey species found in all six nests and the highest percentage (33-81%) 
of total species found in each nest. The more unique prey species were snake, an adult Raven 
(Corvus corax), domestic feline and a juvenile Pinyon Jay (Gymnorhinus cyanocephalus). The 
nest with most diversity of prey species (6) was the only nest with two nestlings. 
Table 1. Results showing prey choice for six Golden Eagle nest sites in northern Arizona 
during 2013 nesting season.  





(Lepus californicus) 46 68 
Rock Squirrel 
(Spermophilus variegatus) 10 15 
Desert Cottontail Rabbit 
(Sylvilagus audubonii) 3 4 
Raven - Adult (Corvus corax) 1 1.5 
Pronghorn Antelope - Fawn 
(Antilocapra americana) 1 1.5 
Feline domestic - sub adult 1 1.5 
Prairie Dog (Cynomys spp.) 1 1.5 
Duck (unidentified) 1 1.5 
Raven/Crow (Corvus spp.) 1 1.5 
Pinon Jay - Juvenile 
(Gymnorhinus cyanocephalus) 1 1.5 
Rabbit (Lagomorpha) 1 1.5 
Gray Fox - Juvenile 
(Urocyon cinereoargenteus) 1 1.5 
Total 68 100 
103  
DISCUSSION 
              This short examination of Golden Eagle prey dynamics revealed important information 
pertaining to the dietary habits of Golden Eagles nesting in northern Arizona. The results showed 
that jackrabbits (Lepus spp.) were the dominant prey species for nesting pairs. This was 
consistent with both Eakle and Grubb (1986) and Stahlecker et al. (2009), in which both studies 
documented at least 50% of the prey species were jackrabbits. In this study, as well as Eakle and 
Grubb (1986) and Stahlecker et al. (2009), the rock squirrel (Otospermophilus variegatus) was 
the second most abundant prey species. These findings were consisted with documented diets of 
Golden Eagles throughout western North America (Bedrosian et al. 2017). There was a lower 
than expected amount (1%) of prairie dog (Cynomys spp.) remains. This could have been due to 
just a factor of what was present in the nest at the time of collection or could show a decrease in 
availability for this species. Stahlecker et al. (2009) documented 8% of prey species were prairie 
dogs, while Eakle and Grubb (1986) documented none. 
Although this study was limited to six nests, it did reveal interesting individualities for 
each pair. For example, each pair had a preferred prey species outside of jackrabbits or displayed 
a particular specialty in prey obtainability. The only tree nesting pair showed a preference to 
cottontail rabbits; whereas, the only pair with two nestlings was the most diverse in prey species. 
The nest with two nestlings was located in a particularly barren landscape and the prey found in 
that nest were wide ranging in species type and size and included Raven, domestic cat, fox, 
snake and pronghorn. The reason for such diversity could have been the lack of jackrabbit 
abundance or the necessity to use a wider generalist prey strategy due to the barren landscape of 
the nesting territory as well as the need to feeding more nestlings than the other nesting pairs. 
The pair with the only female nestling had the fewest number of prey items left in the nest. These 
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prey preference individualities demonstrate the need for further exploration of how and why 
nesting Golden Eagle pairs chose their prey.  
The interpretation of these data needs to consider the biological and ecological 
implications to the persistence of the species. In the Southwest, increasing extreme heat and 
drought could become problematic with the potential to negatively affect the preferred prey 
species of Golden Eagles nesting in Arizona in the future. Ecologically the lack of water or 
burned habitat could prove devastating to Golden Eagles’ preferred prey, such as black-tailed 
jackrabbit (L. californicus). In addition, in order to determine if global environmental change is 
affecting prey abundance documentation is fundamental.  
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NESTING PHENOLGOY FOR ARIZONA’S GOLDEN EAGLES 
The phenology of plants and animals is affected by global environmental conditions, and 
consequently global environmental change may play an important role in phenological change 
over time (Parmesan 2006). The awareness of climate change and the importance it plays in 
avian phenology is not new; though, the concern for biological implications of climate change 
among avian species has only recently been the focus of research (Crick 2004, Goodenough et al. 
2010). Many studies have demonstrated a change in nesting season and some species respond to 
warmer springs by initiating egg-laying earlier; however, these studies have only documented 
that there is a change in the timing but not how these changes are affecting the fitness of avian 
species (Crick 1997, Parmesan 2007, Goodenough et al. 2010). Seemingly, there are few studies 
that document the effects of climatic shift on avian nesting phenology and their prey (Visser and 
Both 2005). In addition, as avian phenology adjusts to climatic changes differently across 
temporal and spatial scales, so do the species at lower trophic levels such as insects or small 
mammals. The shift in hatching dates is generating a mismatch in the synchronicity between the 
high energy demand of nesting avian predators and availability of preferred prey (Both et al. 
2009). Therefore, the shift in breeding phenology of potential prey species can create unknown 
consequences to the higher trophic levels.  
Recent studies have shown that individuals within the same and different species are not 
responding to climatic changes equally (Frederiksen et al. 2004, Goodenough et al. 2010, Doxa 
et al. 2012). In some species, there is a positive correlation between early egg-laying and nest 
success; however, other species in the same ecosystem appear not to adjust their breeding to the 
climatic changes (Frederiksen et al. 2004, Goodenough et al. 2010). In the Netherlands, Kestrels 
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(Falco tinnunculus) that initiated egg-laying earlier had lower mortality than those nesting later 
(Newton 2010). In addition to species variability in adjusting to climatic changes, age variability 
was documented in a population of Great Tits (Parus major) in the Netherlands; older 
individuals initiated egg-laying earlier than first time nesters; however, the study did not 
document the effect of phenology shifts on nesting success (Gienapp et al. 2004). Doxa et al. 
(2012) documented that in migratory pelicans (Pelecanus.spp) the short-distance migrant was 
more responsive to environmental changes than the long-distance migrant.  
More recently there has been a call for additional research regarding the relationship 
between avian nesting phenology shifts and global environmental change with respect to 
synchronicity with preferred prey as well as an evaluation of whether the extent of avian nesting 
adjustments is sufficient. In addition, there is a call for the development of methods to predict 
future effects of global environmental change on avian nesting phenology (Visser and Both 
2005). The majority of the studies that evaluate nesting phenology in birds focus on seabirds 
affected by the changes in the North Atlantic Sea Oscillation (NAO) and the Southern Ocean to 
my knowledge there are no documented studies on the effects of climatic change on nesting 
raptors, especially those tied to desert environments that may show a dramatic response to 
climate variability.  
The initiation of egg-laying for Golden Eagles varies depending on region – as early as 
December in the Middle East to as late as early May in arctic regions (Bahat 1991, McIntyre and 
Adams 1999, Watson 2010). The average clutch size is two eggs and because this species 
exhibits the siblicide characteristic in which the first nestling sometimes kills the second nestling 
(Edwards and Collopy 1983, Watson 2010). Moreover, if the nest fails early, the pair usually 
does not lay a second clutch (Beecham and Kochert 1975, Watson 2010). Incubation ranges from 
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43 to 45 days; however, this parameter is not as well documented due to difficulties in accessing 
remote nest sites. The most energy intensive period for the nesting pair is during the first 50 days 
of a nestling’s life because this is when nearly all of the growing and weight gain occurs (Ellis 
1979, Collopy 1986). Fledging occurs around 70 days-old, and a post-fledging dependence 
period occurs until 90 days-old in the migratory population and up to 180 days old for non-
migrants. By the time fledglings leave the nest, males weigh an average 3.5kg and females can 
typically weigh over 4kg (Watson 2010). 
Golden Eagle nesting phenology differ depending on region (latitude) and the length of 
the post fledging dependence period in migratory populations in the northern latitudes. Golden 
Eagle populations in regions with mild climate that provide an abundant prey base do not need to 
migrate in order to locate resources. This is not the case for populations in latitudes above 60˚N 
(arctic and subarctic) in which climatic conditions require juveniles and adults to migrate long 
distances in order to survive harsh winters (McIntyre et al. 2008, Watson 2010). Migrating 
shortens the post fledging dependence period by several months. In turn, this requires the 
juveniles to become accomplished flyers and hunters sooner than their non-migratory cohorts. 
Golden Eagles nesting in very northern latitudes have the latest laying dates of any 
region. The average laying date is May 7 (Hobbie and Cade 1962). (Hobbie & Cade, 1962) 
There was some speculation that climatic conditions, in the artic northeast corner of Alaska (60-
70˚ N latitude), only supported marginal nesting productivity (Hobbie and Cade 1962). However, 
during 1988-1990 a study documented 22 nesting territories and 31 occupied nests (1.22 
fledgling/nest) on the north slope of the Brooks Range in northeastern Alaska (Young et al. 
1995). In this very northern range, the mean number of successful nests did not differ 
significantly among years; however, the mean laying dates did with laying dates ranging from 
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March 23 to May 11 with the mean laying date of May 7 (Hobbie and Cade 1962). There was a 
variation in annual nesting success that corresponded with years of early snowmelt and increased 
snow cover that may reduce the availability of prey species as well as lack of access to nest sites 
triggered Golden Eagles to not nest (Poole and Bromley 1988, Snow and Perrins 1998).  The 
nesting phenology of Golden Eagles in their Central Alaskan range is reminiscent of the more 
northern Alaskan ranges but with an earlier mean laying date of April 14 and exhibit higher 
nesting productivity (Young et al. 1995, McIntyre and Adams 1999). In addition, this population 
builds nests exclusively on cliffs and rock outcroppings at elevations averaging 1100m.  
The laying dates for this population vary widely from mid-February in the Southwest to 
early April in Wyoming (Dixon 1937, Camenzind 1969, Beecham and Kochert 1975, 
Schmalzred 1976, Watson 2010). The average clutch sizes range from 1.9 in Utah to 2.1 in 
Montana (McGahan 1968, Camenzind 1969). The average fledgling per nest is highly variable 
with 1.3 in Montana and Idaho and .5 in Wyoming (McGahan 1968, Beecham and Kochert 1975, 
Schmalzred 1976). 
Although these nesting parameters have been well studied elsewhere in the Golden 
Eagle’s range, they had not been quantified in Arizona. Documenting the nesting phenology of 
Golden Eagles in a desert ecosystem is important in understanding their fitness strategies. 
Golden Eagles have a longer nesting process than most birds; therefore, biologically the timing 
of each reproductive stage might be as important as nest site selection. Arizona exhibits extreme 
elevation and climate variations throughout the state; thus, Golden Eagles likely exhibit different 
nesting phenology and fitness strategies within very short distances. In addition, the timing of 
nesting might be a function of prey availability within each unique regional climate. Establishing 
a foundation timeline for Golden Eagle nesting phenology is important for any future studies 
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especially those involving the impact of global environmental change. The aim of quantifying 
Golden Eagle nesting phenology was to document basic nesting phenology parameters, including 
courting date, nest date, incubation period and fledging date as well as to better understand how 
the effects of future climate change might influence nesting throughout the state.  
STUDY AREA AND METHODS 
Study site - The study site includes all areas of Arizona except for the Navajo/Hopi Nations 
and military installations due to inaccessibility. There are three main biogeographic zones in 
Arizona: (1) a high plateau averaging between 1,500m and 2,100m in elevation in the central north 
and northeast; (2) a mountainous region orientated southeast to northwest with maximum 
elevations between 2,700m and 3,600m; and (3) low mountain ranges and desert valley in the 
central and southwestern portion of the state (Brown 1994). The climate in Arizona varies greatly 
depending upon the elevation. The average precipitation can be as high as 127 cm annually in the 
mountainous regions to as low ≤1 cm annually in the southwestern valleys. The Arizona desert is 
unique in that it has two precipitation peaks, snowfall during the winter months in northern Arizona 
and monsoon events beginning in July and ending in late September. The highest temperature in 
the southwestern desert valleys reach 49° C during the summer months to the lowest temperatures 
at the San Francisco Peaks of -13° C during the winter months (PRISM Climate Group 2018). The 
vegetation throughout the state varies greatly based on elevation. The northern portion of the state 
is dominated by ponderosa pine (Pinus ponderosa), piñon pine (Pinus edulis), alligator juniper 
(Juniperus deppeana) and one-seed juniper (Juniperus monosperma); whereas, the southern 
portion is dominated by saguaro cactus (Carnegiea gigantea) cholla (Cylindropuntia spp.) and a 
large variety of sagebrush (Artemisia spp.) (Brown 1994). 
111  
Data collection - Basic nesting phenology parameters, including courting date, nest date, 
incubation period and fledging date (Table 1) were quantified by evaluating data collected by 
AZGFD during nesting seasons 2011-16 and available historical data from AZGFD’s Heritage 
Database Management as well as other state and federal agency reports. Aerial and ground 
surveys were conducted between January and July to record data of occupancy status, nest size, 
condition and aspect as well as to document nest productivity and nestling age (McCarty and 
Jacobson 2011, McCarty et al. 2016). Occupancy data definitions were followed according to 
(Postupalsky 1974, Steenhof and Kochert 1982) and nestling age guidelines according to 
(Hoechlin 1976, Driscoll 2010). 
Table 1. Variables used in the calculation and summarization of Golden Eagle nesting         
phenology.  
Nesting 
Behavior Parameters Calculation 
Courting Two adults near nest Range - first and last date recorded Mean - the mean date within the range 
Egg-laying  
Date 
Estimated egg-laying date 
estimated counting back 45 
days from egg-hatching date 
Range - first and last date recorded 
Mean - the mean date within the range 
Incubation 
Period 
One adult demonstrating 
incubation behavior Range - first and last date recorded 
Egg-hatching 
Date 
Estimated egg-hatching by 
using the nestling estimated age 
and dating back 
Range - first and last date recorded 
Mean - the mean date within the range 
Nestling  
Period Documented nestling in the nest Range - first and last date recorded 
Estimated 
Fledging Date 
Estimated fledging date based 
on average 10 weeks 
Range - first and last date recorded 
Mean - the mean date within the range 
Documented 
Fledging Date Confirmed successful fledge 
Range - first and last date recorded 




Data analysis - The nest location data used for analyses required: (1) at least one nest 
confirmed to be of Golden Eagle size or documented use by Golden Eagles during prior seasons 
either by historical records or previous surveys, and (2) location of the nest was confirmed as 
accurate. A few historical nest locations were confirmed inaccurate during recent aerial surveys 
and were not used for analyses. Documented eagle sightings without an associated nest were 
deleted. A nesting territory was considered occupied if two adult eagles were present near a nest 
or if any nesting activity was documented during the surveys regardless of outcome. Territories 
were documented as unoccupied if all known nests were empty during surveys that comprised 
the typical Golden Eagle nesting season, mid-February through the end of May. The number of 
days for each life stage was calculated using the range of 43-45 days for incubation and range of 
65-77 days with the mean of 71 days for fledging (Newton 2010, Watson 2010) . The month and 
day were compiled from all years and converted to number of days into the year from 1 January 
for each nest territory.  
RESULTS 
Golden Eagle nesting behavior was documented from 230 nest sites. The average clutch 
size for Arizona’s Golden Eagles is 1.3. The mean-date for egg-laying was 26 February and the 
incubation period ranged from 3 March to 7 April with the mean-date for incubation was 21 
March (Table 2). The mean-date for hatching was shown to be 1 April and the nestling period 
ranged from 29 April to 1 June with the mean-date for nestling period as 19 May. Fledging 
occurred mainly between 11 June and 5 July with a mean-date of 14 June. Arizona exhibits 
extreme elevation and climate gradients with high desert climate in the northern half of the state; 
as a result, the northern nesting pairs laid on average ten days later than their southern 
counterparts. 
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Table 2. Range and mean dates for the nesting phenology for Golden Eagles in Arizona 
during nesting seasons 2011-2016 and historical data.  



























Although these nesting parameters have been well studied elsewhere in the Golden 
Eagle’s range, they have not been quantified in Arizona. Documenting the nesting phenology of 
Golden Eagles in a desert ecosystem is important in understanding their fitness strategies. Each 
pair adapts ranging behavior based on the association of topography, climate and prey 
availability (Marzluff et al. 1997, Watson 2010). Golden Eagles have a longer nesting process 
than most birds; therefore, biologically the timing of each reproductive stage might be as 
important as nest site selection. Arizona exhibits extreme elevation and climate variations 
throughout the state; thus, Golden Eagles likely exhibit different nesting phenology and fitness 
strategies within very short distances. In addition, the timing of nesting might be a function of 
prey availability within each unique regional climate. 
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During the 2012 - 2016 seasons, the AZGFD noticed a failure of approximately 68% of 
the active nests some time during incubation or very early brooding (nestling < 2-weeks old) 
(McCarty et al. 2013). The failure rate of 68%, during the 2012-16 seasons could demonstrate 
the fitness difficulties for Golden Eagles that choose to nest in a desert ecosystem. In a desert 
ecosystem, where resources are sparse, quantifying variables that lead to higher productivity will 
provide the foundational basis to the biology of Golden Eagles choosing to nest in this 
ecosystem. Changes in climate could cause nests to fail from biological manifestation such as 
heat stress, or changes in nesting phenology that result in the mistiming of predator energy 
demand and abundance of prey. Establishing a foundation timeline for Golden Eagle nesting 
phenology is important for any future studies especially those involving the impact of global 
environmental change, and by building a model to relate climate parameters, we can better 
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The research in this dissertation is only the beginning of a long-term relationship with 
Arizona’s Golden Eagles. This dissertation lays down the foundational work that Arizona’s 
Golden Eagles greatly needed in order for future research to build a solid framework and develop 
a complete interpretation of this unique desert eagle.  
In chapter 2, I created a multi-scale spatially specific model that predicted suitable habitat 
for nesting Golden Eagles throughout the entire state of Arizona. The model revealed the 
topographical features slope and aspect were the most important factors in Golden Eagle nest site 
selection. The model determined landscape and environmental characteristics on a spatially 
detailed scale by using a multi-scale approach and provided a more precise understanding of an 
understudied species. Not only did the model show that slope was most important but that it was 
most important at approximately 20-30 degrees. This information could prove invaluable when 
accessing a wind power project’s potential impact on the Golden Eagle. In addition to the under-
utilized multi-scale methods approach, I used a suite of climate covariates that were 
underrepresented in the literature including one that was, to my knowledge, completely absent; 
vapor pressure deficit (VPD). This environmental feature proved to be the most important 
climate covariate for Golden Eagles in Arizona. Any changes with VPD could prove to be 
detrimental to the Golden Eagle prey base; thereby, impact the Golden Eagle population in 
Arizona. 
In chapter 3, I created a multi-scale model to predict which landscape and environmental 
features would best facilitate nesting success for Golden Eagles throughout their entire range in 
Arizona.  Although the model performed only with 60% accuracy, it did provide me with some 
direction for further modifications and exposed some gaps in the data. To start, the current model 
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was developed using only 148 points in total; therefore, more data points collected with 
continued nesting season surveys will only improve the model. The current productivity model 
established that topography may not be an important factor in nesting success; whereas, success 
might be associated with climatic influences. Future research will include a finer temporal scale 
for seasonal climate variations such as climate covariates assembled from the year prior and 
during the analyzed nesting seasons in the productivity model.  
I did include two human covariates (development and agriculture) into building the 
model; however, I speculate that the origin of early nesting failures may lie within human 
activities such as introduced toxins or disturbances from outdoor recreation that is prevalent 
throughout Arizona.  In order to improve the model, including covariates that comprise a suite of 
human influenced covariates such as distance from active elemental mines and all-terrain-vehicle 
(ATV) trails, climate with finer temporal scales and a rugged index will be the next actions. 
Future research for Arizona’s Golden Eagles – Arizona’s Golden Eagle now enjoys the 
research dedication that had been absent prior to 2011. My next phase in this research is to utilize 
the habitat suitability model in chapter 2 to overlay with high wind potential data in order to 
guide wind power project placement. A priority for future studies should focus on determining 
factors that promote nest site occupancy and nesting success. This should include more intensive 
prey dynamic research that might include prey species density and availability as well as 
quantifying prey remains to document actual captured prey species. Analyzing evidence of 
successful hunts could reveal hunting strategies by a particular nesting pair or unique to the pairs 
in a region. In addition to prey dynamics, analyzing the impact of human generated factors, such 
as outdoor recreation activities and elemental mining, on Golden Eagle nesting success should be 
essential. Finally, Arizona’s climate is expected to experience more drought and wildland fires in 
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the future; therefore, a detailed concentration on how specified climate aspects affect, or could 
affect, Golden Eagle survival must be considered a priority. Conservation and policy planning 
must encompass an all-inclusive and multidimensional collection of data that addresses the 
species as a whole and goes beyond basic land management.   
